University of Memphis

University of Memphis Digital Commons
Electronic Theses and Dissertations
4-21-2015

Location And Characteristic Features of the Quaternary
Deformation in the Mississippi Embayment from High-resolution
Seismic Reflection Data
Lei Guo

Follow this and additional works at: https://digitalcommons.memphis.edu/etd

Recommended Citation
Guo, Lei, "Location And Characteristic Features of the Quaternary Deformation in the Mississippi
Embayment from High-resolution Seismic Reflection Data" (2015). Electronic Theses and Dissertations.
1118.
https://digitalcommons.memphis.edu/etd/1118

This Dissertation is brought to you for free and open access by University of Memphis Digital Commons. It has
been accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of University of
Memphis Digital Commons. For more information, please contact khggerty@memphis.edu.

LOCATION AND CHARACTERISTIC FEATURES OF THE QUATERNARY
DEFORMATION IN THE MISSISSIPPI EMBAYMENT FROM HIGH-RESOLUTION
SEISMIC REFLECTION DATA
by
Lei Guo

A Dissertation
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Doctor of Philosophy

Major: Earth Sciences

The University of Memphis
May 2015

ACKNOWLEDGEMENTS

My appreciation and gratefulness go, without any doubt, to my advisor, Professor
Maria Beatrice Magnani, for her constant advice and guidance throughout this study. I am
proud to be one of your students.
I am very thankful to my graduate committee for a lot more than just their
dissertation guidance: Dr. Charles A. Langston, Dr. Christine Powell, Dr. Jer-Ming Chiu,
and Dr. Randel T. Cox.
I wish to express my gratitude to Dr. Kirk McIntosh of UTIG and Dr. Brian Waldron
of GWI, for the great help in the marine data acquisition, processing and interpretation.
The kind involvement of faculty, staff, and friends at CERI are also much
appreciated. You are unsurpassable.
Finally, to my wife and my parents: Thank you for your support!

ii

ABSTRACT
Guo, Lei. Ph.D. The University of Memphis. May 2015. Location and character of
the Quaternary deformation in the Mississippi Embayment from high-resolution seismic
reflection data. Major Professor: Maria Beatrice Magnani, Ph.D.
The New Madrid Seismic Zone (NMSZ), central US. is a controversial
midcontinental region where the occurrence of large magnitude historical and
prehistorical earthquakes and the high level of instrumental seismicity, clash with the lack
of evident surface and subsurface deformation and with slow geodetic rates. To unravel
this apparent paradox locally and to contribute to the understanding of intraplate
seismicity globally, I integrate new high-resolution seismic reflection data acquired as
part of the Mississippi River Project, data acquired for the Meeman-Shelby Fault study,
and existing seismic reflection data, to investigate the long-term deformation in the
northern Mississippi Embayment. In particular this study focuses on the identification
and characterization of the structures where Quaternary deformation is accommodated in
the northern Mississippi Embayment, on the comparison of the newly discovered
structures with those that are seismically active today, and on the analysis of the
distribution of the Quaternary deformation with respect to the NMSZ. The results show
that Quaternary deformation has been accommodated along adjacent faults additional to
the NMSZ fault system, and that the NMSZ faults are virtually undistinguishable from
quiescent faults, except for the instrumental seismicity. The distribution of Quaternary
deformation extends beyond the footprint of the high-velocity lower crustal layer (i.e.
“mafic rift pillow”), invoked by several geodynamic models as the possible feature
capable of concentrating stress in this region and responsible for the seismicity in the
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central US. The long-term Quaternary deformation appears to be accommodated along
pre-existing features predominantly associated with the Reelfoot Rift structure.
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CHAPTER 1
Introduction

The earthquakes that account for more than 90% of the total seismic energy released
around the world occur along narrow and diffuse plate boundaries (Babar, 2007). This
observation is explained in the context of plate tectonics by the elastic rebound theory.
Along plate boundaries the elastic stress loading on a fault builds up over time in
response to the constant motion of the rigid plates. The energy is stored elastically in
rocks until eventually the stress on the fault exceeds its frictional strength. At that point,
rupture occurs and the accumulated elastic strain is released as the fault slips in an
earthquake. In the frame of global tectonics, the constant motion of rigid plates is the
dominant driving force, controlling the stress along faults and leading the stress
loading/releasing process to a nearly constant rate, so that earthquakes occur in a
quasi-periodic cycle along faults that reload steadily. Based on this model, large
earthquakes in the interior of continental areas should be comparatively rare and
exceptions, because the intraplate regions are assumed to be rigid and stable. In the last
two centuries, however, several large earthquakes occurred in the interior of major
tectonic plates, such as the New Madrid earthquakes in 1811 and 1812 (estimated Mw 6.8
− 8.1, Johnston and Schweig, 1996; Hough et al., 2000; Cramer, 2001, Hough and Page,
2011), the 1886 Charleston earthquake in South Carolina (estimated Mw 6.5 − 7.3, Bakun
and Hopper, 2004), the 2001 Bhuj earthquake in India (Mw 7.6, Mishra and Rajasekhar,
2006), the 2008 Wenchuan earthquake in China (Mw 7.9, Parsons et al., 2008) and the last
five largest earthquakes in central and western Australia between 1968 and 1988 (Ms 5.7
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− 6.8, Crone et al., 2003). Almost all of these historic large intraplate earthquakes
occurred along previously inactive ancient faults and in some cases on previously
unknown faults located within old rift structures (Crone et al., 2003). Two decades of
GPS observations show that deformation in continental interiors is quite slow (less than
0.2 mm/yr relative to rigid North America, Newman et al., 1999; Smalley et al., 2005;
Calais et al., 2005, 2010; Calais and Stein, 2009). Because of the slow strain built-up,
processes additional to plate motion, such as mantle traction flow and glacial
loading/unloading (Forte et al., 2007; Grollimund and Zoback, 2001), may transmit stress,
load faults, and prevail in controlling intracontinental deformation.
To explain intraplate seismicity, several geodynamic models have been proposed,
most involving a localized strength anomaly either in the lower-crust or in the lithosphere
(Kenner and Segall, 2000, Pollitz et al., 2001), caused by thermal perturbations (Liu and
Zoback, 1997), or by chemical anomalies (e.g., Constain et al., 1987). Triggering
mechanisms are also proposed that can include a change in the stress field (Schweig and
Ellis, 1994), such as isostatic unloading due to retreat of ice (Grollimund and Zoback,
2001), river erosion (Van Arsdale et al., 2007), and stress induced to the lithosphere by
the Farallon slab descent in the lower mantle (Forte et al., 2007), in the case of the central
US. seismicity. However, because these models rely on specific local conditions, their
applicability to intraplate regions worldwide is somehow localized and not widely
recognized.
The New Madrid Seismic Zone (NMSZ) in the northern Mississippi Embayment,
the one of most seismically active area in the continental United State east of the Rocky
Mountains (Johnston and Schweig, 1996), is one of the most notorious deviations from
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plate rigidity. Although far from any plate boundary, the NMSZ was the epicenter of
three catastrophic earthquakes in the winter of 1811 − 1812, and of other large
prehistorical earthquakes (Tuttle and Schweig, 1995; Li et al., 1998). The historical and
prehistorical earthquakes triggered widespread soil liquefaction and landslides over a
large area (Tuttle and Schweig, 1995; Tuttle et al., 2002).
Today the NMSZ is the location of intense seismic activity, with an average of ~200
earthquakes a year with M < 4.0 (Withers, personal communication). The recorded
instrumental seismicity in the northern Mississippi Embayment in the last two decades
constrains the location of present NMSZ deformation to four main arms, extending from
Cairo, IL, to Marked Tree, AR over a distance of 240 km (Figure 1). Regional
paleoseismological evidence of earthquake-induced soil liquefaction indicates that
seismic events in the NMSZ large enough to produce sand blows have occurred in the
past 5,000 years with a recurrence rate of ~500 years (Tuttle et al., 2002 and 2005).
Estimates of the age of NMSZ activity based on the Gutenberg-Richter relation suggest
that the seismic zone may have been active for at least 2000 years and that it could be as
old as 64,000 years (Russ, 1982; Gomberg and Ellis, 1994; Pratt, 1994). Modern
horizontal slip rates, as estimated from current seismicity levels could not have been
sustained for longer than 64,000 years as that would result in a very significant amount of
surface deformation and cumulative subsurface deformation. However, there is no
significant topographic signature that can be associated with activities along the NMSZ,
with the exception of the surface deformation along the Reelfoot thrust (the only surface
rupture associated with the 1811 − 1812 earthquakes), where a fault scarp with ~9 m of
vertical uplift has been observed (Mueller et al., 1999). Similarly, existing seismic
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reflection profiles acquired across the NMSZ fault system show only small cumulative
fault offsets and mild deformation in the post Late Cretaceous sediments (Hamilton and
Zoback, 1982; Nelson and Zhang, 1991). Geodetic observations corroborate the
negligible deformation in the NMSZ, and show motion vectors of less than 0.2 mm/yr
(Calais and Stein, 2009) in the NMSZ relative to the rigid North America plate, with
greater values (~2.7 ±1.6 mm/yr) observed only across the Reelfoot thrust (Calais et al.,
2005; Smalley et al., 2005). The recorded geodetic vectors are consistent with return
times of 100,000 years for the presently active fault system (Calais and Stein, 2009), a
result that clashes with the Holocene paleoseismological record of large magnitude
earthquakes every 500 − 700 yrs (Tuttle et al., 2002, 2005).
The answer to this apparent paradox has critical implications for the earthquake
hazard assessments in the central US., because it may undermine some of the main
assumptions on which the seismic hazard analysis is based, i.e. the assumption that the
seismic source is stationary in time, and the assumption of a steady-state seismicity level.
Understanding whether the long-term deformation in the Mississippi Embayment has
been accommodated along faults in addition to the presently active system contributes to
our ability to discriminate between models for intraplate seismicity proposed for the
central US. region.
To reconcile the lack of surface and subsurface deformation and the small geodetic
vectors with the high levels of historical and prehistorical seismicity, three hypotheses
have been proposed:
(1) The NMSZ activity is in its young stage and the building up of surficial and
subsurface deformation is still in progress, thus resulting in no substantial areal
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topography change in its juvenile period. Schweig and Ellis (1994) propose a 60°
clockwise rotation of the horizontal maximum stress to its present nearly east-west
orientation between 11 and 3 Ma ago due to changes in motion of North American plate.
According to this hypothesis the New Madrid fault system essentially came into its
present configuration in the Late Neogene, although activity along the individual faults
may have occurred over longer periods of time, as indicated by several existing seismic
reflection surveys in the Mississippi Embayment pointing toward a long history of
displacement of the New Madrid faults.
(2) The New Madrid earthquake activity clusters in time and may occur episodically
and/or intermittently, separated by quiescence periods of millions of years (Coppersmith,
1988; Newman et al., 1999). Coppersmith (1988) points out that the active clusters may
consist of two or more main large earthquakes, and aftershocks may last for longer than
several hundred to a few thousand years based on the available data.
(3) The long-term behavior of faults in the central US. may not be reflected by the
present, historic and prehistoric pattern of seismicity (Coppersmith, 1988; Pratt, 1994;
Langenheim and Hildenbrand, 1997; Harrison and Schultz, 2002; Stein and Newman,
2004; Calais and Stein, 2009); the time period over which the seismicity pattern has
developed is relatively short compared to the long history of deformation of the faults in
the central US. This hypothesis proposes that different fault systems within the
Precambrian Reelfoot Rift can become active and quiescent at different times due to their
interaction and in response to the stress field, thus causing the seismicity to shift spatially
and temporally throughout a broad region. In situ stress measurements in deep wells and
boreholes (Zoback and Healy, 1992; Brudy et al., 1997) show that the prediction of
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Coulomb frictional-failure theory incorporating laboratory-derived frictional coefficients
(the ratio of shear stress to normal stress) of 0.6 − 1.0 is consistent with measured stress
states in the upper crust, suggesting that the crust in intraplate regions is in the state of
frictional failure equilibrium and all faults are critically stressed and near failure
(Townend and Zoback, 2000). Stress loading occurring by other mechanisms (e.g.,
glacial isostatic adjustment, vertical loading due to sediment removal) in the interior of
stable plates in addition to plate motion at plate boundaries may trigger the failure of any
of these critically stressed faults. Fault interaction in a complex fault system may also
change the stress and trigger the next failure of other critically stressed faults, thus
generating deformation at different places in different time. According to this hypothesis,
the current seismicity of the NMSZ could be transient in a certain area and will change
location with the activation of a different fault or fault system in the region. The
emerging evidence of widespread earthquake-induced soil liquefaction in the northern
Mississippi Embayment (Cox et al., 2004; Tuttle et al., 2002 and 2005) corroborates this
hypothesis, although the location and characteristics of the seismic sources responsible
for the observed paleoseismological features have not yet been identified.
In my thesis I integrate the seismic reflection data from the Mississippi River project
(Magnani and Mckintosh, 2009; Hao et al., 2013; Guo et al., 2014) and the results of the
Meeman-Shelby fault study (Hao et al., 2013) with land seismic surveys acquired by the
USGS and industry in the last three decades, to constrain the locations and characteristics
of Quaternary deformation in the northern Mississippi Embayment and to assess their
implications to current, historical and pre-historical intraplate earthquakes. The
Mississippi River project provides an unprecedented and exceptional quality of seismic
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reflection dataset for this research thanks to the continuity of the survey (~950 km of
continuous marine seismic reflection data along the Mississippi River. My thesis research
focuses on the 350 km-long northernmost portion of the profile, from Cape Girardeau,
Missouri, where the river enters the Mississippi Embayment, to Osceola, Arkansas
(Figure 1). The profile crosses both the present seismically active area of the NMSZ and
a large region showing no current seismicity in the north Mississippi Embayment,
providing the opportunity to investigate and compare regions both quiescent and
seismically active. Chapter two describes the Mississippi River profile as it images the
faults within the NMSZ and the subsurface structures as deciphered from the integrated
interpretation of existing and new seismic reflection and borehole data (Moore et al.,
1969; Langston, 2003; Hartand Clark, 2008). The relationship between the deformation
of the shallow sediment and the present seismicity at depth is also explored and discussed.
Chapter three presents the evidences for Quaternary deformation along the river outside
the footprint of the NMSZ fault system, and discusses their implications for the seismic
hazard assessment in the central US. Chapter four compares the faults described in
chapters two and three as well as the Meeman-Shelby fault (Hao et al., 2013) showing the
similarity of fault signatures and deformation history (with the only exception of the
current seismicity pattern). The main conclusion of this chapter is that the newly acquired
seismic data support the hypothesis of a Holocene spatially and temporally migrating
focus of deformation, at least in the northern Mississippi Embayment, implying that the
NMSZ system is only the latest incarnation of seismicity in the central US. Earthquake
migration in the northern Mississippi Embayment is then compared to cases of seismicity
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in other intraplate areas (mid-continent of the North America, Australia, and north
China).
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CHAPTER 2
Quaternary Deformation and Fault Structure in the Northern Mississippi
Embayment as Imaged by Near Surface Seismic Reflection Data

2.1 ABSTRACT
Seismicity in the New Madrid Seismic Zone (NMSZ) in the central United States
constrains the location of present deformation at depth along four main distinct arms,
while the surface expression of the ongoing deformation is still unclear. To better
constrain the surface deformation in the NMSZ, we integrate existing seismic reflection
data with a new ~350 km-long high-resolution seismic reflection profile acquired along
the Mississippi River from Cape Girardeau, MO to Caruthersville, MO. Based on the data
we interpret the Reelfoot Thrust and the New Markham Fault as upward splays of a blind
master fault defined by the seismicity and extending at depth farther north. To the south,
two faults, the Axial Fault and the Cottonwood Grove Fault, are imaged above the
southern arm of the NMSZ. Both faults display deformation of the Paleozoic through the
Tertiary sediments, and a relief of ~20 − 25 m at the base of the Quaternary alluvium,
which we interpret as the result of strike-slip motion along a complex fault plane
geometry. We propose two alternative interpretations for the relationship between the
shallow faults and the seismicity in this area: 1) the faults merge at depth and are
presently active; 2) the faults are distinct at depth, were active during the Quaternary, and
only the Axial Fault is presently deforming. Geological structures mapped at the surface
as part of this study show that Quaternary deformation is accommodated along a fault
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network that is more complex than the simple four-arm system illuminated by the
seismicity, a behavior predicted by analog models of restraining bend in strike-slip
systems analog and computer models of stepover formation.

2.2 INTRODUCTION
One of the pillars of plate tectonic theory is the rigidity of large tectonic plates.
According to the theory, most earthquakes occur along narrow belts at plate boundaries,
while large earthquakes in the interior of tectonic plates are relatively rare. Intraplate
earthquakes, however, are observed within almost all the major continental plates (Mishra
and Rajasekhar, 2006; Bowman et al., 1990; Zhang et al., 2009), and the processes
responsible for their occurrence are still hotly debated.
The New Madrid Seismic Zone (NMSZ) is presently the most seismically active
area in the continental United States east of the Rocky Mountains, and by far one of the
most studied intraplate seismic zones in the world. This area manifested a potential for
future earthquake as large as the events in the winter of 1811 − 1812, when three
earthquakes with estimated magnitude 6.8 < M < 8.1 (Johnston and Schweig, 1996;
Hough et al., 1999; Cramer, 2001; Hough and Page, 2011) shook the Mississippi Valley
within a two-month period. The occurrence of repeated large magnitude (M > 7.0)
historical and prehistorical earthquakes (Tuttle and Schweig, 1995; Li et al., 1998), in
addition to the high level of instrumental seismicity indicate that the North American
plate is actively deforming in this region. This observation clashes with the puzzling lack
of widespread fault-associated topography and the geodetic data that show motion vectors
of less than 1 mm/yr in the NMSZ (with values up to ~2.7  1.6 mm/yr across the

10

Reelfoot Thrust (RT)) decaying to levels not different from zero in the far field (Newman
et al., 1999; Smalley et al., 2005; Calais et al., 2005, 2010; Calais and Stein, 2009). Pratt
(1994) calculates that modern seismicity levels should produce ~1.1 mm/yr of horizontal
slip, which paired with a suggested age of the NMSZ of 64,000 yrs predicts an amount of
deformation that should have a significant topographic signature. Instead, of all the active
faults only the RT shows evidence for surface deformation, and reconciling how
seismicity at depth is distributed at the surface is still controversial. Mapped geological
structures show that recent deformation is accommodated along a fault network that is
more complex than the simple four-arm system illuminated by the instrumental seismic
activity, a behavior predicted by analog models of restraining bend in strike-slip systems
analog and computer models of stepover formation (e.g., McClay and Bonora, 2001; Pratt,
2012). This suggests that of all the predicted faults, only few are active at present.
Here we integrate the results of existing near surface seismic reflection data with a
new ~350 km-long high-resolution near surface seismic marine reflection profile acquired
along the Mississippi River from Cape Girardeau, MO to Caruthersville, MO (Magnani
and McIntosh, 2009; Hao et al., 2013) (Figure 1). The marine survey provides a unique
opportunity to image the major seismogenic structures in the northern Mississippi
Embayment (ME) with unprecedented continuity and resolution, while existing surveys
provide additional areal coverage to map structures in the study area. The combined
datasets show evidence for the extensional features associated with Paleozoic syn-rift
activity along the northern extension of the Western Reelfoot Graben Margin (WRGM),
clarify the shallow positions of the RT, the New Markham Fault (NMF) and the Axial
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Fault (AF), and image currently quiescent fault segments of the Cottonwood Grove Fault
(CGF) showing significant Quaternary deformation.

Figure 1. Map of the northern ME showing the major tectonic structures and the NMSZ seismicity.
Rectangles show the location of Figure 2 and Figure 3. AF: Axial Fault; CGL: Commerce Geophysical
Lineament; CGF: Cottonwood Grove Fault; WRGM: Western Reelfoot Graben Margin, from Csontos et al.,
(2008), Csontos and Van Arsdale (2008), Van Arsdale and Cupples (2013) and Pryne et al.,(2013); ERGM:
Eastern Reelfoot Graben Margin; RT: Reelfoot Thrust. Seismicity from New Madrid Seismic Zone Catalog
(M > 0.1) (http://www.memphis.edu/ceri/seismic/catalogs/index.php).

2.3 REGIONAL SETTING
The ME is a broad elongate sedimentary basin extending from the mid-continent
into the Gulf Coastal Plain filled by southwardly thickening Cretaceous, Tertiary, and
Quaternary unlithiﬁed and loosely consolidated alluvial and marine sediments (Stearns,
1957; Stearns and Marcher, 1962; Cox and Van Arsdale, 1997; Van Arsdale, 2009; and
Hardesty et al., 2010). The lower boundary of the ME is represented by the unconformity
12

between the base of the Cretaceous sediments and the lower Paleozoic rocks. To the north,
the ME edge is defined by the updip extent of post-Paleozoic sediments (Ervin and
McGinnis, 1975) (Figure 1).
The seismicity in the ME is nested within the Reelfoot Graben, a paleotectonic
crustal structure largely constrained by potential field data (Hildenbrand, 1985) and
interpreted as a failed arm (aulacogen) of a triple junction formed during the late
Proterozoic − early Cambrian opening of the Iapetan Ocean (Ervin and McGinnis, 1975;
Kane et al., 1981; Thomas, 1985; Hildenbrand, 1985). The graben was subsequently
reactivated in late Paleozoic and possibly during the late Cretaceous (Nuttli, 1973). To
the north, the Reelfoot Graben is interpreted to merge with the east-west Rough Creek
Graben, and to the south, it is inferred to terminate 150 km southwest of the southwestern
tip of the Blytheville Arch (Johnston and Schweig, 1996).
The Western Reelfoot Graben Margin (WRGM) is delineated by a steeply
southeastward-dipping normal fault with ~3 km of displacement on the Precambrian
erosional surface (Howe and Thompson, 1984; Howe, 1985; Nelson and Zhang, 1991).
The Eastern Reelfoot Graben Margin (ERGM) consists of at least two major
down-to-the-west high-angle normal faults in the Precambrian basement in western
Tennessee (Howe and Thompson, 1984; Howe, 1985; Parrish and Van Arsdale, 2004).
The western and the eastern Reelfoot Graben margins define the location of the Reelfoot
Graben spatially and both also show Quaternary reactivation along some sections
(Williams et al., 1995, 2001; Cox et al., 2001, 2006, 2013; Cherryhomes, 2003).
Parallel to the Reelfoot Graben, is the Commerce Geophysical Lineament (CGL)
(Figure 1), a narrow northeast-trending magnetic and gravity lineament that is parallel to

13

the west of the Reelfoot Graben for more than 400 km. The lineament is interpreted as a
dike swarm intruded in the Proterozoic basement (Hildenbrand and Hendricks, 1995;
Langenheim and Hildenbrand, 1997), and coincides at the surface with the trace of the
N55°E-trending Commerce Fault (CF) (Palmer et al., 1997; Odum et al., 2002) in
southeastern Missouri (Figure 2). The history of the CF appears to have been long-lived
and complex, including episodes of folding and both dip-slip and strike-slip faulting. The
initial faulting associated with the CF is as old as Middle Ordovician; the fault was then
reactivated sometime between the Devonian and the late Cretaceous. The latest
movement is inferred to be as young as Quaternary (Harrison and Schultz, 1994).
The modern seismicity of the NMSZ, located in the north-central part of the
Reelfoot Graben, defines four major arms that extend for a distance of 195 km from
Cairo, IL, to Marked Tree, AR. The major feature is a linear zone known as the AF
(Hamilton and Zoback, 1982) extending in a northeasterly direction for about 120 km
from near Marked Tree, AR, to northeast of Caruthersville, MO, approximately along the
axis of the northeast-striking Reelfoot Graben (Figure 1, Figure 3). Seismicity associated
with the AF occurs on a near-vertical fault plane between depths of 3 − 15 km. Focal
mechanisms indicate a predominant right-lateral slip along this plane (Andrew et al.,
1985; Chiu et al., 1992; Johnson et al., 2014). To the north, a more diffuse zone of
seismicity trends north-northwest for about 58 km (Figure 1, Figure 3), defining the
location of the southwest dipping RT. The RT hosts dense historic microseismicity,
exhibits the largest surface uplift in the NMSZ fault system (Carlson and Guccione,
2010), and is one of only a few faults in the NMSZ with an identified surface rupture
associated with historical earthquakes. The RT seismicity shows a complex geometry at
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Figure 2. Location map of Tamms, Benton Hills and Mississippi River Project (M1 and M2) seismic lines,
and the interpreted CF (see Figure 1 for location). The CF is interpreted to be the surface expression of the
CGL. Nearby focal mechanism solutions (Herrmann and Canas, 1978; Herrmann and Ammon, 1997)
suggest that the CF may be part of a right lateral strike-slip fault system. Seismicity from New Madrid
Seismic Zone Catalog (M > 0.1). WRGM: Western Reelfoot Graben Margin, from Csontos et al., (2008),
Csontos and Van Arsdale (2008), Van Arsdale and Cupples (2013) and Pryne et al., (2013)

depth: north of the northeastern projection of the AF the thrust steepens upwards from
dips of 25 − 31 to 42 − 75 at depths shallower than 14 km, while south of the AF the
thrust shows significantly steeper dips (Mueller and Pujol, 2001). A late Paleozoic
activity has been suggested for the RT, which is inferred to have been reactivated as a
thrust fault, with rejuvenated uplift possibly driven by Cretaceous igneous intrusions
(Crone et al., 1985; Rabak and Langston, 2006).
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In addition to the AF and the RT, two less prominent branches of seismicity are
located at the northwestern end of the RT, one trending to the northeast (New Madrid
North Fault (NMNF)) and one to the west (New Madrid West Fault) (Hamilton and
Zoback, 1982; Csontos and Van Arsdale, 2008) (Figure 1, Figure 3).
Fault-plane solutions (Herrmann, 1979; Johnston et al., 2014) in the NMSZ show a
predominantly right-lateral strike-slip along the northeast-striking faults and reverse
(thrust) movement along the northwest-striking faults under an essentially east-west
compressional stress field (Zoback and Zoback, 1989; Hamilton and Zoback, 1982). The
active fault system has been interpreted as a north-east trending right lateral strike-slip
system with a restraining bend structure (i.e., the RT) connecting the two right lateral
strike-slip arms (Russ, 1982; Schweig and Ellis, 1994; Odum et al., 1998). Fault-plane
solutions in the region between the two northeast-striking trends (the AF and the NMNF)
vary (Herrmann and Canas, 1978; Herrmann, 1979) suggesting that the movement along
the RT is more complex than predicted by the simple compressive right lateral stepover
model.

2.4 SUMMARY OF THE EXISTING SEISMIC REFLECTION DATA IN THE
NORTHERN MISSISSIPPI EMBAYMENT
The central US. and particularly the Mississippi Embayment (ME) have been the
focus of geological and geophysical investigations for the past four decades. Imaging
efforts, particularly high-resolution seismic reflection surveys, have been carried out with
the goal of characterizing the active faults and to identify potential seismic sources buried
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Figure 3. Location map of key seismic reflection profiles in the NMSZ used in this study. Profile M3, M4,
M5 and M6 were acquired as part of the Mississippi River survey and are shown in Figure 11 and Figure 12.
Line L233 is also part of the Mississippi River project but not shown. Dow Chemical line-8, all “S” lines,
WTF line, SRL line, RDG-2 line and CWG-1 line are existing land surveys acquired since 1977. The 1981
USGS river survey was acquired along the Mississippi River from Wickliffe, KY (see Figure 1 for location)
to Osceola, AR, and not shown in this figure. The yellow diamonds along the land and marine seismic lines
show locations where disruption of the continuity of reflectors is observed. At some of these locations
deformation is observed throughout the sedimentary cover and can be correlated across seismic profiles
based on the character of deformation (e.g., sense of motion, amount of displacement) along distinct faults
(e.g., the RT, the CGF, the NMF).

17

beneath the thick cover of unconsolidated sediments. Below we review some of the
existing seismic reflection data relevant to our survey (i.e., the Mississippi River Project),
describing the data and the imaged structures from north to south.
Along the northern boundary of the ME, three Mini-Sosie seismic reflection profiles
(Benton Hills and Tamms profiles in Figure 2) image the Commerce Fault (CF),
identified as an area of deformation characterized by numerous high-angle faults cutting
through Paleozoic strata, and faults with post-Cretaceous reactivation. The interpretation
of the available seismic data is consistent with a regional tectonic history of multiple
episodes of deformation (Harrison and Schultz, 1994, 2002; Harrison et al., 1997, 1999;
Palmer et al., 1997; Stephenson et al., 1999).
To the south, in the New Madrid Seismic Zone (NMSZ) region, numerous
high-resolution seismic datasets, both on land and along the Mississippi River, illuminate
the active fault system. A 240 km-long marine seismic reflection profile acquired by the
USGS along the Mississippi River, from Osceola, AR to Wickliffe, KY shows reflections
from the Paleozoic and Cretaceous units, with the top of the upper Cretaceous unit being
the most prominent and continuous reflector (Shedlock and Harding, 1982). The data
image the Reelfoot Thrust (RT) at three locations along the river, where the top of the
Paleozoic section shows ~40 m of vertical displacement (Odum et al., 1998). The
geometry of the RT is further constrained by the 7.7 km-long Mini-Sosie seismic
reflection line WTF (Odum et. al., 1998), which images the location of both the RT and
the New Markham Fault (NMF) located northwest of Reelfoot Lake, and by the 7.5
km-long Mini-Sosie seismic reflection line SRL (Van Arsdale et al., 1998), which
constrains the location of the RT, the Cottonwood Grove Fault (CGF) and the probable
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extension of the NMF to the south of the lake (Figure 3). Geomorphic features on the
bank of Reelfoot Lake show the extension of the RT in the gap between lines WTF and
SRL. Deeper penetration Dow Chemical Vibroseis line-8 (Baldwin et al., 2005) and an
S-wave seismic reflection line (Harris et al., 1998) (Figure 3) are also available to
constrain the geometry of the RT across a topographic scarp that has been recognized as
the northwest extension of the RT (Van Arsdale et al., 1995).
The other arms of the NMSZ seismicity (the northeast and west) are imaged by a
total of ~282 km of seismic reflection profiles, acquired by the USGS in the late 1970s
using a Vibroseis source (S1 − S13, Figure 3) (Hamilton and Zoback, 1982). The data
image the structures associate with the unconsolidated sediments and part of the
Precambrian crystalline basement, providing evidence for reactivation of older faults
(Hamilton and Zoback, 1982; Sexton and Jones, 1986), and suggesting a long slip history
that extends back to the Late Cretaceous (Van Arsdale, 2000) and possibly to the
Precambrian (Cox et al., 2001).
To the south, the geometry and location of the CGF is constrained by a Mini-Sosie
seismic reflection survey (CWG-1) acquired along the USGS Vibroseis line S6, by
profile S4, S5 and by Mini-Sosie seismic reflection profile (RDG-2) (Figure 3).
Additionally, the USGS marine reflection survey (Shedlock and Harding, 1982) images a
feature interpreted as a probable extension of the CGF trending subparallel to the
southwest arm of the seismicity along the segment of the Mississippi River ~5 km
southeast of Caruthersville, MO. Results of all seismic data are consistent with a
northeast trending fault, subparallel to the AF and located ~5 km to the southeast
(Hamilton and Zoback, 1982; Shedlock and Harding, 1982; Williams et al., 1995). The
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CWG-1 profile images the upward extension of the CGF into the middle Eocene
sediments (Sexton and Jones, 1988). The RDG-2 profile images the CGF with apparent
vertical displacement on both the interpreted Cretaceous/Paleozoic boundary and the
middle Eocene Memphis Sand (Stephenson et al., 1995).

2.5 THE MISSISSIPPI RIVER PROJECT
The Mississippi River project is a collaborative multi-year research effort developed
to identify areas of Quaternary deformation both within and outside the NMSZ, to
constrain the characters and evolution of potentially seismogenic faults, and to
understand how the long-term deformation is partitioned among the structures buried
beneath the ME (Magnani and McIntosh, 2009). Thanks to a novel acquisition technique,
the study collected a total of ~950 km of marine seismic reflection multichannel and
CHIRP data, and imaged the unconsolidated sediments of ME with unprecedented
resolution, revealing the sedimentary and tectonic structures along the Mississippi River.
In this chapter we present the results of the northern portion of the profile, from Cape
Girardeau, MO to Caruthersville, MO, a length of ~350 km of multichannel seismic
reflection data acquired in the summer of 2010 (Figure 1).

2.6 SEISMIC REFLECTION DATA ACQUISITION AND PROCESSING
2.6.1 Seismic reflection data acquisition of Mississippi River project
2.6.1.1 Marine data acquisition
The Mississippi River project exploited the presence of the Mississippi River to
acquire marine seismic reflection data in the Mississippi Embayment. Marine data
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acquisition is faster and more efficient relative to traditional land seismic survey and
avoids many pitfalls of land seismic data acquisition, (i.e. near-surface seismic statics
problems and ground roll). The marine seismic reflection data was acquired by using
portable high-resolution seismic system from the University of Texas Institute for
Geophysics, which includes a 15/15 in3 Mini-GI Sercel airgun (source) and an analog
24-channel, 75m-long streamer with a 3.125 m group spacing. The equipment was towed
behind the vessel (the US Army Corps of Engineers M/V Strong) at a steady pace (~3
km/hour) with the airgun closest to the vessel. The airgun was located approximately ~1
m depth below the water surface and the streamer had a 3 − 6 m offset behind the airgun
(Figure 4). Two windlasses were used to constrain the drift of the airgun with the river
current. The seismic streamer detects the reflected seismic energy that travels from the
source through the water and subsurface and back to the water surface where they are
recorded by hydrophones. The hydrophones converted the pressure of the reflected
seismic energy into electrical signal, which was then digitized and transmitted along the
streamer to the recording system on the vessel and stored on disk for further processing.

Figure 4. The Schematic of the marine seismic reflection acquisition geometry
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2.6.1.2 Survey design
The Mississippi River project was not the first attempt of this kind, as the 1981
USGS Mississippi River acquisition (Shedlock and Harding, 1982) successfully imaged
the Paleozoic and Cretaceous units along the river. For this reason the USGS survey
acquisition parameters were used as a starting point for the 2008 survey, but because the
goal of the Mississippi River project was to constrain the recent deformation recorded by
the shallow section (Eocene − Quaternary), the new acquisition parameters were tailored
to ensure recording of reflections from the shallow subsurface. This was achieved by
maintaining a near source-to-receiver offset of 3 − 6m, while preserving the imaging of
the deeper units (~1.2 km depth) through a clean source signature and a dense spatial
sampling (Figure 5). A comparison with the 1981 USGS data shows that the Mississippi
River Project data remarkably improved the imaging of the Tertiary and Quaternary
sedimentary section, while the deeper units (top of Cretaceous and Paleozoic) are still
traceable with great continuity and detail (Figure 6).
The ambient noise caused by the fast river current is also considered in the survey
design. A low noise environment was achieved through a slow, controlled downriver
progression through the fast current of the Mississippi River, with the M/V Strong facing
upriver. As the vessel drifted downriver, the speed through the water of the seismic
equipment was reduced, and so was the noise resulting from it, allowing clearer imaging
of the entire sedimentary section, from the top of the Paleozoic units to the Quaternary
alluvium, despite the relatively small seismic source.

22

Figure 5. Comparison between the 1981 USGS Mississippi River survey data (A) and the Mississippi
River project data (B) along the same portion of the Mississippi River at Caruthersville, MO. Q/Eo:
Quaternary and upper Eocene unconformity; Eof: top of Flour Island Formation (Wilcox Group); Pa: top of
Porter’s Creek Formation (Midway Group); Kr: top of upper Cretaceous units; Pz: top of Paleozoic units.
The improved data quality of the 2010 Mississippi River project survey is the result of the combined
contribution of acquisition parameters tailored to the imaging of shallow (Tertiary and Quaternary)
sedimentary units, and of a new acquisition technique that dramatically improved the S/N ratio.
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Figure 6. Mississippi River project shot gathers, showing the reflectivity of the unconsolidated sediments
in the Mississippi Embayment. Clear reflectors between 90 − 110, 210 − 220 and 440 − 460 ms Two Way
Traveltime (TWT) are interpreted as the bottom of the Quaternary alluvium, the top of the Eocene Flour
Island Formation, and the top of the Paleocene Porter’s Creek Clay. Data shown were filtered using an
Ormsby bandpass filter with corner frequencies of 30 Hz -80 Hz -200Hz -250Hz and amplitudes are
corrected using an AGC with a window length = 150 ms.

2.6.1.3 Seismic source and receiver
In marine seismic data acquisition, it is customary to use an airgun as the seismic
source and hydrophones as the receivers. The air gun consists of two chambers: a control
chamber (15 in3 volume, top) and discharge chamber (15 in3 volume, bottom) (Figure 7).
High pressure air is discharged into the surrounding water from the firing chamber,
generating the air bubbles. These bubbles oscillate, alternately collapsing and expanding
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while rising to the surface. The hydrophones record the pressure of these bubbles (Sheriff
and Geldart, 1995).

Figure 7. The Schematic of airgun

A hydrophone consists of two piezoelectric plates, which are located opposite to
each other with reverse polarity. When the plate is placed in an environment experiencing
changes in pressure, it will produce a voltage output that is proportional to that pressure
(Evans, 1997). Based on this principle, a hydrophone transforms a variation in pressure
(force/unit area) into an electrical current after summing. Hydrophones are mounted in a
streamer and connected with a cable having a group interval of 3.125 m (Sheriff and
Geldart, 1995).
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2.6.1.4 Summary of acquisition parameters (Table 1)

Table 1. Acquisition parameters used for the Mississippi River high-resolution seismic reflection survey.

Streamer: #channels / length

24 channels / 75 m

Streamer Group Interval

3.125 m

Near Trace Source / Receiver Offset

3−6m

Shot Interval

6−9m

Source Type

Airgun

Source Number

1

Source Pressure

2000 psi

Source Depth

1m

Airgun Make / Size

Sercel GI/ 15/15 in3

Cable Depth

<1m

Sample Interval

0.5 ms

Samples per Trace

3000

Stacking Fold

8

CMP Interval

1.6 m

Recording System

SGOS by Geometrics

Processing System

Focus
Fugawi Marine
Navigation

Navigation Type

2.6.2 Seismic reflection data processing of Mississippi River project
The high quality seismic profile was attributed to careful data collection and
processing. Table 2 shows the processing flow, in which the major challenges included
the noise attenuation and suppression of multiple reflections from the river bottom and of
energy reflected off frequent in-channel man-made barriers and structures.
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Table 2. Processing flow for the Mississippi River marine seismic reflection data.

step

process

1

Data Reformat

2

Trace Edit

3

Geometry Assignment

4

Amplitude Spike Attenuation

5

Time-variant Pre-stack Frequency Filtering

6

Water Bottom Multiple Reflection Attenuation

7

Spherical Divergence Correction

8

Pre-stack Deconvolution

9

Trace Normalization

10

CMP Gathering

11

Velocity Analysis

12

Normal Movement Correction (NMO)

13

NMO Stretch Mute

14

CMP Stacking

15

Post-stack Coherency Filtering

16

Kirchhoff Time Migration

17

Depth Conversion

Step 1. Data Reformat
Seismic raw data recorded in the field were recorded in SEG-Y format. The data
were reformatted internally to Paradigm Focus® (processing software of seismic
reflection data) for processing.
Step 2. Trace Edit
Trace editing was needed for removing traces that are either dead or too noisy, due
to, for instance, technical problems in a hydrophone. Incoherent random noise present in
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the datasets was removed by this process and leaves only acceptable traces for further
processing.
Step 3. Geometry Assignment
Coordinate information which represents the source-receiver location was associated
to each trace. The geometry of the sources, receivers and the patterns were calculated in
UTM Zone 16N and were assigned for each seismic line.
Step 4. Amplitude Spike Attenuation
Energy generated by features built along the riverbanks and at the bottom of the
river channel to control bank erosion (i.e., revetments, dikes) was attenuated using a
process that targeted high-amplitude noise. The noise from these structures might
severely interfere with the seismic signal since it consists of a time-limited
high-amplitude event with frequencies in the same range as the signal. In the amplitude
spike attenuation two consecutive time gates (trailing gate and leading gate) were
specified, within which the absolute amplitude values were summed and compared. The
values within the leading gate were reduced to zero if the ratio of the leading gate to the
trailing gate exceeds a certain level (ratio = 2). The process was repeated at each sample
shift, trace by trace to remove the spike-shaped noise.
Step 5. Pre-stack Frequency Filtering
A bandpass filter was applied to remove low frequency noise. Time-variant Ormsby
Bandpass filtering was used with the filter gate 40-60-350-500 Hz at 0 − 200 ms and
30-50-300-400 Hz at 400 − 1500 ms.
Step 6. Water Bottom Multiple Reflection Attenuation
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A bottom-multiple attenuation processing routine was applied to reduce river bottom
reverberations, which contaminate the data especially in the presence of hard river bottom
conditions. The multiple attenuation processing consisted of two steps: multiple model
prediction and multiples subtraction. A model-driven multiple prediction approach was
employed to kinematically predict water bottom related multiples and derive both first
and higher-order multiple amplitudes. The following step subtracted the predicted
multiple amplitudes from the seismic data, enhancing the primary events.
Step 7. Spherical Divergence Correction
A Time-varying gain was applied to boost up the amplitudes of the reflections
occurring from greater depths. As the wavefront propagates deeper it covers a larger area,
resulting in amplitude decay because of transmission losses and attenuation. To remove
the loss in energy due to wavefront expansion with depth, a spherical divergence
correction (power value 2 of the average velocity at time T) was calculated and applied.
Step 8. Pre-stack Deconvolution
After the application of water bottom multiple reflection attenuation there was still
residual multiple energy observed in the data. Time-variant predictive deconvolution
operators were designed by exploiting the periodicity of the residual multiples: 200 ms
operator length, 4ms gap length, 0.5% white noise at 70 − 500 ms and 200 ms operator
length, 8ms gap length, 0.5% white noise at 300 − 700 ms. The application of pre-stack
predictive deconvolution removed the predictable part of the wavelet (multiples), leaving
its non-predictable part (signal) in the data.
Step 9. Trace Normalization
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Seismic trace amplitudes were equalized. The geographical areas of weakest seismic
trace amplitude could be strengthened relative to the areas of strongest amplitude. The
variations between strong and weak areas thus appeared less severe.
Step 10. Common Midpoint (CMP) Gathering
Seismic data acquisition with multifold coverage was done in shot-receiver
coordinates. The application of CMP gathering sorted the seismic data from common shot
point to common midpoint for the purpose of velocity analysis and stacking, grouping
those traces with the same midpoint.
Step 11. Velocity Analysis
Interactive velocity analysis was performed to estimate the root mean square (RMS)
velocity for Normal Movement Correction (NMO) and stacking. The analysis procedure
involved comparing a series of stacked traces in which a range of velocities were applied.
The best RMS velocity was picked that flattened a reflection hyperbola and provided the
best stack response.
Step 12. Normal Movement Correction (NMO)
Normal Moveout (NMO) is the difference between the two-way travel time at a
given offset and the two-way zero-offset time (Yilmaz, 2001). The application of the
NMO correction is required to eliminate this difference before stacking the traces in a
CMP gather. The RMS velocity function produced by the velocity analysis was used to
perform the NMO correction.
Step 13. NMO Stretch Mute
NMO stretch is a frequency distortion left over by the NMO correction that is
confined to large offsets and short travel times (Yilmaz, 2001). The NMO correction
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stretches the waveform in a trace and produces a new waveform with a greater period. An
table of offset ─ two-way-travel time pairs (15m-0ms; 20m-50ms; 75m-120ms) was
defined to mute the stretch right after the NMO correction to suppress this distortion.
Step 14. CMP Stacking
All the traces with common midpoints were summed into one trace (Yilmaz, 2001).
Stacking the traces that contain the same reflection information improved the S/N ratio
and reduced the coherent noise such as multiples, which stack at different velocities from
the primary events.
Step 15. Post-stack Coherency Filtering
To increase the coherency of reflectors, an F-X prediction error filter was used on
the post-stack profile. In this procedure, traces on both sides of the center trace in a range
of data were used to design a unique spatial filter that enhanced the predictable energy of
the central traces based on an assumption that the seismic signal was similar from one
trace to the next.
Step 16. Kirchhoff time migration
Kirchhoff time migration was performed to reconstruct the seismic section by
repositioning seismic events to their correct subsurface location with a smoothed velocity
field derived from the Dow Chemical Wilson 2-14 well sonic log (Langston, 2003). The
process of migration also improved the resolution of the seismic section by focusing all
the energy spread over the Fresnel zone and collapsing diffractions, thereby delineating
detailed subsurface features such as fault planes (Kearey et al., 2002).
Step 17. Depth conversion
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Time to depth conversion was applied to the migrated dataset by using a smoothed
velocity field derived from the Dow Chemical Wilson 2-14 well sonic log (Langston,
2003).

2.7 SEISMIC DATA INTERPRETATION
The high-resolution seismic reflection data image the gently south-dipping
unconsolidated sediments of the ME from the Quaternary alluvium down to the top of the
Paleozoic sedimentary rocks. The major reflectors in the seismic profiles correlate well
with the boundaries between the main geological units, which are interpreted from well
log data in boreholes (i.e., Dow Chemical Wilson 2-14 well, MO-133 well, MO-143 well,
and MO-155 well) close to the seismic profile (see Figure 2 and 3 for location). Based on
the borehole information and on the reflectivity of the seismic profile, a regional
stratigraphy for the northern ME was derived for interpretation purposes (Figure 8). The
stratigraphic sequence includes the Quaternary-Eocene unconformity (Q/Eo), the top of
the Lower Eocene Flour Island formation (Eof), the top of the Paleocene Porters Creek
Clay (Pa), the top of the Cretaceous (Kr), and the top of the Paleozoic rocks (Pz) (Figure
8). Vertical offsets and deformation of the base of Quaternary alluvium are observed
along faults that are both seismically active (e.g., the RT and the AF) and
quiescent/inactive (e.g., the CGF). Using the sonic log from the Dow Chemical Wilson
2-14 well, the vertical offsets measured in two-way travel time were converted to depth.
The velocity function used for the depth conversion consists of 1.7 km/s (Quaternary
alluvium), 2 km/s (Tertiary units), and 2.7 km/s (Cretaceous sediment) and 6.0 km/s
(Paleozoic rocks).
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Figure 8. (a) Regional stratigraphy of the unconsolidated sediments in the northern ME with formation names, and (b) the corresponding
major reflectors in a select seismic reflection profile (Q/Eo: Quaternary and upper Eocene unconformity; Eof: top of Flour Island Formation
(Wilcox Group); Pa: top of Porter’s Creek Formation (Midway Group); Kr: top of upper Cretaceous units; Pz: top of Paleozoic units.), (c)
Dow Chemical Wilson 2-14 well sonic and density log, and (d) local well logs (MO-133: gamma-ray (Ga); MO-143: spontaneous potential
(Sp) and electrical impedance (Im); MO-155: gamma-ray (Ga)). The stratigraphy column was derived from regional studies (Saucier, 1994;
Luzietti, et al., 1995; Parrish and Van Arsdale, 2004) and modified according to the interpretations of well logs in (d).
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Below we describe the Mississippi River project seismic profile at four main
locations where deformation is observed throughout the unconsolidated sediments from
the Paleozoic to the Tertiary and Quaternary units, or where the profile crosses regional
tectonic features.

2.7.1 Northern Profile
The northern portion of the Mississippi River profile crosses the area where the
Mississippi River enters the ME at its northern edge (Figure 2). The 32.5 km-long
seismic reflection profile M1 begins 3 km south of Thebes, IL, and ends 10.5 km
northeast of Charleston, MO. The profile (Figure 9) images several prominent reflections,
including two strong parallel reflectors dipping to the southeast from SP 2500 at a depth
of 104 ms (TWT) and 61 ms (TWT), interpreted as the top of the Paleozoic and the
Cretaceous units (Pz and Kr, respectively) based on the information from the MO-133
well located 7 km south of the southern end of the seismic profile (Figure 2). Above the
Cretaceous unit a weak reflector between SP 3200 and 5300 at about 80 ms (TWT) is
interpreted as the top of Eocene Flour Island formation (Eof). A horizontal reflector at
depth of 60 − 70 ms (TWT) lies unconformably over the Tertiary units at the southern
end of the profile and truncates the Eof, Kr, and Pz reflectors as the Eocene, upper
Cretaceous and Paleozoic sequences shallow northward. The reflector above the Tertiary
units is interpreted as the base of the Quaternary (Q/Eo) alluvium, based on the lateral
correlation with the gamma-ray log data from the nearby MO-133 borehole. With the
exception of the Quaternary alluvium, all imaged sequences thicken southward. The
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Figure 9. Seismic reflection profile M1 (Mississippi River project) (see Figure 2 for location). Top: uninterpreted; bottom: annotated.
Labels as in Figure 2.4. The dashed rectangle shows an area of the data affected by energy reflected off in-channel barriers and
structures built along the river to control bank erosion (dikes and revetment in this case). Approximate vertical exaggeration is 8:1.
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inferred trend of the CGL is projected on the profile at ~SP 1000, where the data do not
resolve structures along the top of the Paleozoic and the Quaternary alluvium due to the
low S/N at this location. Along the profile the base of the Quaternary appears disturbed
by erosional features (e.g., the ~1600 m-wide ~15 m-deep depression between SP 1600
and SP 1800) likely caused by the meandering Mississippi River. At SP 3900 a fault (F1)
deforms the Pz and Kr reflectors with a relief of 20 ms and 14 ms, respectively,
propagates through the Tertiary sequences but appears to be truncated by the Quaternary
unconformity.

2.7.2 Paleozoic features along the Western Reelfoot Graben Margin
Profile M2 runs close to the northern margin of ME for 14.5 km approximately
parallel to profile M1 (Figure 2). As in profile M1, the shallow section (0 − 200 ms) of
the profile M2 (Figure 10) shows southeast-dipping reflectivity interpreted from bottom
to top as the top of the Paleozoic units (Pz), the top of the Cretaceous formations (Kr) and
the overlying Tertiary and Quaternary units based on a nearby cross section (Nelson,
2008) located east of the seismic profile, and constrained by the correlation with the
gamma-ray log data from the nearby MO-133 well, located 7 km southwest of the seismic
profile (Figure 2). Unlike profile M1, Profile M2 exhibits clear reflections below the
Paleozoic marker and is one of the few acquired as part of the Mississippi River project
that shows structures within the Paleozoic basement. Below the top of the Paleozoic units
the profile shows strata between Pz and undulating bright reflectors thickening near SP
8900, SP 9400, SP 9900, and SP 10100, in some cases to as much as 90 ms (TWT) (~121
m). The reflectors form narrow, highly asymmetrical basins, which we interpret to be
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bounded by normal faults (F2, F4, F5, F6, and F7). At the top, these faults appear to
mildly deform a series of very bright reflectors that we interpret to be Paleozoic in age.
The faults are sealed by the top of the Paleozoic units, which locally appear to fill in the
topography of the earlier reflectors, suggesting that fault activity ceased by the deposition
of the top of the Paleozoic units.

Figure 10. Mississippi River project seismic reflection profile M2 (see Figure 2 for location). Top:
uninterpreted; bottom: annotated. Labels as in Figure 8. The location of the West Reelfoot Graben Margin
(WRGM) along the profile is based on Csontos et al. (2008), Csontos and Van Arsdale (2008), Van Arsdale
and Cupples (2013) and Pryne et al. (2013). Approximate vertical exaggeration is 8:1.
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2.7.3 Reelfoot Thrust (RT) and New Markham Fault (NMF)
Based on the location of the surface projection of the present seismicity and to the
surface rupture of the February 7, 1812 earthquake (Johnston and Schweig, 1996; Odum
et al., 1998), the Mississippi River enters the NMSZ at the Kentucky bend meander
where it supposedly crosses the surface expression of the RT three times (Figure 3). The
Mississippi River profiles that image the RT in this area are M3 (13.5 km long), M4 (8.5
km long), and M5 (14.3 km long) (Figure 11). Interpretation of the three profiles is based
on the lateral correlation with spontaneous potential and electrical impedance log data
from the nearby MO-143 well (Figure 8) located along profile M5.
Profile M3 (Figure 11a) shows strong continuous reflectors between 500 ms and 650
ms, interpreted as the top of the Paleozoic and the Cretaceous units (Pz and Kr,
respectively). The Tertiary sequences are characterized by discontinuous reflectivity and
the two prominent reflectors at 280 and 430 ms are interpreted as the top of the lower
Paleocene Midway Group and the top of the lower Eocene (Pa and Eof, respectively).
Another discontinuous reflector above Eof is observed at 120 ms and interpreted as the
Quaternary/Eocene unconformity (Q/Eo). The Pz and Kr reflectors are deformed at two
closely spaced (~1.6 km) locations with a reverse sense of motion attributed to the
presence of two faults: F8 at SP 27600 and F9 at SP 27350. The largest offset is observed
at the Pz reflector (56 ms and 30 ms at F8 and F9 respectively). The base of the
Quaternary alluvium is folded by fault F8, suggesting fault F8 extends up to the
Quaternary units. Fault F9 is only traceable to the Paleocene units as no coherent
reflectivity is traceable above the fault. On profile M4 (Figure 11b) three main reflectors
(Pz, Kr and Eof) are continuous across the profile from bottom to top, while a
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Figure 11. Mississippi River project seismic reflection profile a) M3, b) M4 and c) M5 and interpreted well
MO-143. See Figure 3 for location of seismic profiles and borehole. Top: uninterpreted; bottom: annotated.
Label as in Figure 8. RT: Reelfoot Thrust; NMF: New Markham Fault. Approximate vertical exaggeration
is 8:1.
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discontinuous reflector, interpreted as Pa, is traceable at 360 ms. The reflectors are
deformed by two reverse faults, F10 (SP 32950) and F11 (SP 33650), that are 4.2 km
apart and show a sense of displacement consistent with fault F8 and F9 observed on
profile M3. Profile M5 (Figure 11c) overlaps with profile M4 at shot point 34000 and
images to the northwest a more complex structure than the one displayed by the other two
profiles. Here the continuous reflectors of Pz, Kr, and Pa are dissected by a series of
small faults that pervade the whole stratigraphy with few faults extending into the
Quaternary units. In the region of complex structure, the fault F13 at SP 34050 and F12 at
SP 35300 are prominent, showing larger displacements at the top of the Pz and Kr units
compared to the other small faults. Fault F12 extends up to the Quaternary units while
fault F13 is traceable to the Paleocene units. The quality of the data in the shallow section
above this fault does not allow to conclusively establish whether the fault propagates to
the more recent sediments. Displacements across fault F8, F10, and F12 appear to
decrease upward from the Paleozoic through the Cretaceous, Tertiary sediments and
Quaternary alluvium (Table 3).

Table 3. Vertical displacement of stratigraphic horizons along the RT as imaged by the seismic reflection
data of Mississippi River project (profiles M3, M4 and M5).

Vertical
Displacements
(m)

Q/Eo

F8 in profile
M3
18

F10 in profile
M4
17

F12 in profile
M5
10

Eof
Kr
Pz

25
37
49

30
42
51

15
25
28

40

2.7.4 Axial Fault (AF) and Cottonwood Grove Fault (CGF)
The 10 km-long seismic reflection profile M6 runs along the portion of the
Mississippi River that crosses the southern arm of the NMSZ known as the AF zone
(Figure 3) (Hamilton and Zoback, 1982). The data along the profile (Figure 12) are of

Figure 12. Mississippi River project seismic reflection profile M6 and interpreted well MO-155 (see Figure
3 for location). Top: uninterpreted; bottom: annotated. Label as in Figure 8. Approximate vertical
exaggeration is 8:1.
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exceptional quality exhibiting remarkable continuity of all the regional seismic markers,
from the top of the Paleozoic sequences to the base of the Quaternary alluvium. The Eof
and Pa markers within the Tertiary units and the base of the Quaternary alluvium (Q/Eo)
are constrained by correlation with the gamma-ray log data from the nearby MO-155
borehole located along the seismic profile (Figure 3). The continuity of the stratigraphic
units is interrupted by two major near vertical faults (F14 at SP 50000 and F17 at SP
51200), which extend from the top of the Paleozoic rocks to the Quaternary deposits.
Two additional minor faults, F15 at SP 50400 and F16 at SP 50900, mildly deform the
sediments up to the Midway group. Fault F14 shows a vertical offset of 43 ms (~58 m) at
the Pz reflector and a 40 ms (~40 m) offset at the Kr reflector. Upward, it folds the base
of the Quaternary sediments, creating a vertical relief of 30 ms (~25 m). Similarly, fault
F17 offsets the Pz reflector by 44 ms (~59 m), and propagates upwards, folding the Kr
reflector upward by 39 ms (~39 m) and the Pa reflector by 35 ms (~35 m). The base of
the Quaternary is uplifted by 23 ms (~19 m) along this fault. The profile also images a 3
km-wide, ~90 m-deep channel eroded section into the Eocene sediments (Magnani et al.,
2008).

2.8 RESULTS AND DISCUSSION
2.8.1 Northern Profile
Profile M1 crosses the projected trend of the CF as delineated by a prominent 400
km-long magnetic lineament (CGL) (Langenheim and Hildenbrand, 1997) and by two
nearby high-resolution reflection surveys (Palmer et al., 1997; Odum et al., 2002) (Figure
2). The CF interpreted from Benton Hills and Tamms profiles is a N50ºE-trending north
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dipping fault with a mild compressional deformation. Unfortunately the low S/N ratio of
our data does not allow us to unequivocally determine either the location or the amount of
deformation associated with the CGL/CF. Where the quality of data allows imaging of
the structure with confidence, the CGL/CF does not appear to be characterized by
substantial deformation either at the top of the Paleozoic or within the Quaternary
sediments. The only fault observed along profile M1 is located north of the projected
trace of the NMNF, along a northeast trending subsurface structural low of the
Paleogene/Quaternary unconformity identified by Pryne et al. (2013) through analysis of
borehole data. Although the S/N ratio of our data does not resolve the base of Quaternary
reflector, the results of Pryne et al., (2013) suggest that Quaternary activity of this fault
may not be ruled out.

2.8.2 Paleozoic features along the Western Reelfoot Graben Margin
Profile M2 images several asymmetric structures confined to the Paleozoic units of
the ME that are interpreted as extensional features associated with the Paleozoic syn-rift
extensional movement. The age of the syn-rift sedimentary sequences and therefore the
time of the extensional movement are difficult to establish due to the lack of deep
penetration wells in this area. However, based on general correlation of lithologic units as
revealed by the Dow Chemical Wilson 2-14 well sonic log and the resulting reflectivity
(Figure 1, Figure 8), it is evident that the high amplitude reflector marking the top of the
Paleozoic rocks likely corresponds to the contact of the Ordovician Knox Group
limestone with sand-rich Upper Cretaceous formations. Based on this observation, the
data suggest most of the syn-rift growth associated with fault activity to be
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pre-Ordovician in age. These extensional features are located along the northern
extension of the WRGM (Figure 1), which is the near-surface manifestation of the
Reelfoot Graben around the area where the NE-SW Reelfoot Graben probably connects
with the E-W Rough Creek Graben. Both of these rifted structures formed around the
same time (Early Cambrian) in response to the opening of the Iapetus Ocean farther east
(Nelson and Lumm, 1992). The age and location of the extensional features suggest that
they represent a system of small half grabens developed along the western margin of the
opening rift in response to the extension and subsidence associated with the opening of
the Reelfoot Graben during the early Cambrian.

2.8.3 Reelfoot Thrust (RT) and New Markham Fault (NMF)
The interpretation of the faults around the Kentucky Bend area relies on existing
seismic reflection profiles (Hamilton and Zoback, 1982; Van Arsdale et al., 1995; Harris
et al., 1998; Odum et al., 1998; Baldwin et al., 2005) (Figure 3), on the location of the
faults with respect to the deeper seismicity, and on their similarity of dip angle, vertical
offset at the Pz and Kr reflectors and sense of motion. Based on these observations faults
F8, F10, and F12 imaged along profile M3, M4 and M5, respectively, are interpreted as
the up-dip continuation of the RT, while faults F9, F11, and F13 along profile M3, M4
and M5 are interpreted as the NMF (Figure 11). The interpreted RT (by seismic reflection
data) trends generally in a NNW-SSE direction for 36.2 km starting ~4 km northwest of
New Madrid, MO, and ending ~6 km south of the southern tip of Reelfoot Lake (Figure
3). The geometry of the RT as mapped in the unconsolidated sediments appears to follow
the sinusoidal trend indicated by the seismicity at depth, and the interpretation is
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consistent with the existing data (Odum et al., 1998; Csontos and Van Arsdale, 2008).
Movement along the RT shows an up-to-the southwest sense of displacement with the
displacement increasing with depth along the RT at the top of the Pz, Kr and Tertiary
units (Table 3); this indicates long-lived activity of the fault throughout the Quaternary,
the Tertiary and possibly the Late Cretaceous.
The NMF is a thrust fault located northeast of the RT, trending NNW, with an
up-to-the-southwest sense displacement accommodating predominantly pre-Holocene
vertical deformation (Odum et al., 1998). Because faults F9, F11, and F13 in profile M3,
M4, and M5 align with the location of the NMF imaged by the WTF profile (Figure 3)
(Odum et al., 1998) they are interpreted as part of the same structure (NMF). The
southeastern extension of the NMF is constrained by the geomorphic features on the
banks of the Reelfoot Lake. The marine seismic data do not allow us to conclusively
determine whether the NMF was active during the Quaternary. Where weak reflectors
interpreted as the unconformity at the base of the alluvium are traceable across the fault
(e.g. along profile M3 in Figure 11), they appear to be only minimally deformed,
suggesting that the fault accommodates pre-Quaternary (Holocene) deformation.
The surface expression of the RT has been interpreted either as a splay fault off of a
blind master thrust (identified at depth by the NMSZ seismicity) that approaches the
surface further to the east (Johnston, 1996; Odum et al., 1998), or as a fault propagation
fold above the southwest-dipping Reelfoot fault (Kelson et al., 1996). Here we interpret
the RT and the NMF imaged on the Mississippi River profiles as two surficial splays with
the dip angles of the two fault planes at 73º and 47º respectively, linked to a blind master
thrust defined by the deeper seismicity (figure 6 in Odum et al., 1998). This interpretation
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is based on the observation that the location of the NMF does not coincide with the
eastern margin of the Lake County uplift (Figure 3) as proposed by Van Arsdale (2000),
suggesting that a deeper structure (the blind master fault) might extend northeastward
beyond the NMF and be responsible for the Quaternary vertical deformation observed at
the Lake County Uplift. We speculate that the group of faults between the RT and the
NMF (i.e., fault F12 and F13 in profile M5) that accommodate the deformation of the
Paleozoic, Cretaceous and Tertiary sediments are also part of the system splaying off the
RT, as they accommodate the shortening and uplift associated with the stepover zone.
Alternatively they could be explained as antithetic strike-slip faults predicted by analog
models of a restraining bend in strike-slip systems (Pratt, 2012; McClay and Bonora,
2001). Under the current near east-west regional compressive stress field (Zoback, 1982),
movement along the RT causes local uplift in the hanging wall (e.g., Tiptonville Dome,
Ridgely Ridge, and Lake County uplift) and local subsidence in the footwall

Table 4. Displacement history and uplift rate of the RT as imaged by the seismic reflection profile M3 and
M4 of Mississippi River project.

Geologic time
Late Cretaceous −
present
Late Cretaceous
Paleocene − Eocene
Eocene − Holocene
Holocene − present

Age

Vertical slip magnitude
(m)
F8 in F10 in
profile profile Mean
M3
M4

Average
net slip
(m)

Uplift rate
(mm/yr)

80 Ma

49

51

50.0

52.3

0.0007

80 – 65 Ma
65 – 45 Ma
45 Ma – 9
ka
9 ka –
present

12
12

9
12

10.5
12.0

11.0
12.6

0.0007
0.0006

7

13

10.0

10.5

0.0002

18

17

17.5

18.3

2.0339
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(e.g., Reelfoot Lake). Purser and Van Arsdale (1998) proposed that these local uplift
structures are bounded by east-dipping kink bands. However, data of the Mississippi
River project do not image these kink bands where they are interpreted to cross the
Mississippi River.
The vertical offsets on the RT (F8 and F10) and the NMF (F9 and F11) were used
here to calculate the uplift rates for each stratigraphic section over the corresponding time
period, consistently with the method and time intervals employed by Van Arsdale, 2000.
The displacement history and slip rates of the RT for the Late Cretaceous, the
Paleocene – Eocene, the late Eocene – Holocene and the Holocene to present are shown
in Table 3 and 4. Estimates of slip rates for the NMF (Table 5) are limited to the
Cretaceous and Paleocene time, as the younger sedimentary strata are poorly constrained
by the seismic profiles. Calculated slip rates for both faults agree in general with the
values of Van Arsdale, 2000 for the RT, and suggest a sustained fault activity since the
Cretaceous and an acceleration of slip rates during the Holocene.

Table 5. Displacement history and uplift rate of the NMF as imaged by the seismic reflection profile M3
and M4 of Mississippi River project.

Geologic time
Late Cretaceous
− present
Late Cretaceous

Age

Vertical slip magnitude
(m)
F9 in
F11 in
profile
profile Mean
M3
M4

Average
net slip
(m)

Uplift rate
(mm/yr)

80 Ma

36

45

40.5

55.4

0.0007

80 – 65 Ma

9

12

10.5

14.4

0.0010
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2.8.4 Axial Fault (AF) and Cottonwood Grove Fault (CGF)
The southern arm of the NMSZ delineates the location of the AF at depth (Hamilton
and Zoback, 1982), which extends from Marked Tree, AR, to northeast of Caruthersville,
MO, and crosses the Mississippi River at the town of Caruthersville, MO. Fault F14
imaged on profile M6 (Figure 12) is located at the surface projection of the AF along the
river (Figure 13b), and displaces the sedimentary column from the Paleozoic to the
Quaternary alluvium, the latter by ~25 m (Table 6), consistent with the ongoing
seismicity at depth. Because the seismicity of the AF correlates spatially with the position
of F14 along the seismic line, we interpret this structure as part of the active AF system.
About ~5 km to the southeast along the same profile (M6), fault F17 is interpreted as the
southwestern continuation of the CGF. Together with the existing land profiles (S6, S4,
CWG-1, and RDG-2) the new Mississippi River data constrain the CGF as a ~26 km-long,
N42ºE trending fault running roughly parallel to the AF. The AF and CGF have been
observed separately in previous land and marine seismic surveys, but this is the first time
both the AF and the CGF are imaged in a same seismic profile with unprecedented high
resolution.

Table 6. Vertical displacement of the AF (F14) and the CGF (F17) in seismic reflection profile M6 of
Mississippi River project.

Vertical
Displacements
(m)

AF in profile M6

CGF in profile M6

Q/Eo

25

20

Eof
Pa
Kr

26
31
40

25
35
39

Pz

58

59
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Because of the gap between the shallow seismic profile (0 − 1.5 km depth) and the
seismicity in the upper-middle crust (4 − 15 km depth), the continuation at depth of the
AF and the CGF is speculative. The spatial coincidence of the AF with the nearly vertical
plane the seismicity illuminates at depth suggests that this fault likely continues vertically
and connects with the active structure in the upper and middle crust. The interpretation of
the CGF is more challenging, as no seismicity appears to correlate at depth with this
structure, despite the fact that this fault shows a similar amount of deformation at the base
of the Quaternary alluvium as the nearby AF (Figure 12). Based on the observation of the
amount and age of deformation of the faults imaged along profile M6 and on the
near-vertical seismicity pattern of the NMSZ southern arm, two alternative interpretations
for the CGF and the AF are proposed here: (A) the two faults represent the surface
expression of a flower structure that merges at depth into the present zone of seismicity
(i.e., the AF) (Figure 13b) where both faults are active at the same time. This
interpretation is consistent with the interpretation of the Blytheville Arch proposed by
Pratt et al., 2012 based on existing industry seismic reflection profiles to the south across
the AF. (B) Alternatively, the two faults are distinct at depth and only the AF is presently
generating microseismicity (Figure 13c). In this latter scenario, the CGF may have
become quiescent, although both faults have been active during the Quaternary (and
possibly during the Holocene)
Perhaps one of the most striking features imaged along profile M6 is the prominent
topography of the base of the Quaternary alluvium. At the AF and the CGF the vertical
displacement of this reflector is ~25 m and ~20 m, respectively, and is consistent with the
deformation of deeper layers along the faults, thereby supporting movement along the
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faults as a cause for the uplift. Focal mechanism solutions along the AF (Herrmann and
Canas, 1978; Hermann and Ammon, 1997) show that the fault has a signiﬁcant strike-slip
component in the present stress ﬁeld. Using the vertical offsets observed on the seismic
profile we estimate the net horizontal slip (Table 7) for the stratigraphic markers along
Predictably the Quaternary horizontal slip rates calculated for the AF (8.8 mm/yr) and for
CGF (6.7 mm/yr) are inconsistent with the presently observed geodetic rates in the area
(Smalley et al., 2005; Calais et al., 2005 etc.). Additionally, these rates are between four
to five times higher than those calculated for the RT for the same time interval (1.8
mm/yr, Van Arsdale, 2000), and cannot be reconciled with a left lateral stepover
deformation model proposed to explain the kinematics of the NMSZ fault system.

Figure 13. (a) NMSZ seismicity and interpreted location of the Axial Fault (AF) and the Cottonwood
Grove Fault (CGF) based on near surface seismic reflection profiles, and b) c) alternative scenarios for
continuation of the AF and CGF at depth, and their relation with crustal seismicity. In (b) the faults are
interpreted as part of a flower structure and both faults merge into the current zone of seismicity; (c) shows
an alternative interpretation where the two faults are distinct at depth and only the AF is currently
deforming, while the CGF is quiescent/inactive. Both faults show deformation of the Quaternary alluvium
(Figure 12).
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To explain the deformation observed along the AF and CGF we suggest that the
relief at the base of the Quaternary alluvium (and the underlying strata) is the result of a
local restraining bend in the context of a right-lateral strike-slip system in a near
east-west oriented compressional stress field (Zoback and Zoback, 1980; Cunningham
and Mann, 2007; Csontos et al., 2008; Pratt, 2012). Analog sandbox models applied to
the NMSZ stepover structure (Pratt, 2012) predict a surface fault pattern remarkably more
complex than the simple four-arm fault system illuminated by the seismicity at depth. In
particular the development of shallow faults with strike-slip sense of movement
consistent with the basement strike-slip faults but sigmoidal fault planes can easily
accommodate large uplifts even with limited horizontal strike-slip slip (McClay and
Bonora, 2001).

Table 7. Displacement history and horizontal slip rate of the AF (F14) and the CGF (F17) as imaged by the
seismic reflection profile M6 of Mississippi River project.

Geologic time
Late Cretaceous
− present
Late Cretaceous
Paleocene
Late Paleocene
− Eocene
Eocene −
Quaternary
Quaternary −
present

Age

80 Ma

Horizontal slip
magnitude (m)
Scenario B Scenario
A
AF CGF

Horizontal slip rate
(mm/yr)
Scenario B
Scenario
A
AF
CGF

2603 2663

5266

0.0033 0.0033

0.0066

80 – 65 Ma
65 – 54 Ma

809
627

914
627

1724
1255

0.0054 0.0061
0.0057 0.0057

0.0115
0.0114

54 – 45 Ma

224

448

672

0.0025 0.0050

0.0075

22

244

266

0.0001 0.0005

0.0006

1143

876

2020

8.7961 6.7437

15.5398

45 Ma – 130
ka
130 ka –
present
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The background seismicity (M≥0.1) in the NMSZ (Figure 3) shows an evident gap
northeast of the town of Caruthersville, MO, in the region where the AF may connect
with the RT. The available reflection profiles do not show any prominent fault in the
unconsolidated sediments in this area (except for the CGF, imaged by profile S6, CGW-1
and S4, see Figure 3 for location). Rather, they image a series of minor faults dissecting
the top of the Cretaceous and Paleozoic units (profile S5 and few locations along the
Mississippi River line L233–Figure 3) along the northeast projection of the AF and in the
region where the seismicity of the RT plane bends to the southwest. A comparison
between cross sections through the seismicity northwest of the projection of the AF to the
RT (northern RT) and southeast of CGF (southern RT) reveals that the seismicity of the
southern RT displays a completely different pattern (figure 2 in Mueller and Pujol, 2001;
figure 8 in Powell et al., 2010), indicating that the change of fault plane geometry of the
RT occurs between the AF and CGF. We speculate that this region corresponds to the
zone of connectivity between the right-lateral strike-slip AF and CGF and the
southwestern dipping RT, and that the right lateral displacement in this region is
distributed along a series of small-scale faults, responsible for the local bending and
steepening of the RT. Based on the available data is it not possible to discern whether the
oblique deformation within the bend is accommodated by oblique-slip displacement or
partitioned into variable components of strike-slip and dip-slip fault displacement.

2.9 CONCLUSIONS
The Mississippi River project successfully imaged the unconsolidated sediments in
the northern ME, identifying several areas of Quaternary deformation within and outside
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the region of present seismicity.
In the vicinity of the northern boundary of the ME, the generally south dipping
major reflectors and thickening of unconsolidated sediment record the post-Cretaceous
subsidence of the ME. The low S/N of the data along the projected location of the CGL
prevents the identification of this feature on profile M1, although the nearby land seismic
reflection profiles image mild compressional deformation. Buried extensional features
imaged near Cairo, IL along the northern extension of the WRGM are interpreted to
reflect syn-rifting and subsidence of the Reelfoot Graben in the Paleozoic. Interpretation
of the seismic marine data, which cross the RT and the NMF three times along the
Mississippi River, and the available land data nearby suggest that the both faults extend
to the northwest, toward the town of New Madrid, and that the RT splits into a system of
shallow splays toward the northwest. The new geometry of the NMF implies that this
structure does not represent the fault bounding the edge and accommodating the uplift of
the Lake County Uplift, as suggested by van Arsdale (2000). We speculate that the RT
and the NMF represent the surficial splay off a deeper southwest dipping blind master
thrust fault that extends to the northeast.
Along the southern arm of the NMSZ seismicity the data show evidence of two
NE-SW trending faults that we interpret as the AF and the CGF. The sediments from the
Paleozoic to the Quaternary alluvium are deformed along both faults, and the base of the
Quaternary units shows remarkable vertical relief (~20 − 25 m), consistent with the
displacement of the older units. Calculations of slip rates based on vertical displacement
and present motion of the AF from focal mechanisms yield values that are incompatible
with present geodetic values and rates calculated for the RT (which is part of the
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restraining bend system). We therefore suggest that the vertical uplift observed at the two
faults is the result of non-planar fault plane geometry developed above the strike-slip
fault in the basement. Such planer fault geometry can accommodate substantial vertical
displacement with minor horizontal slip, and is predicted by analog models of restraining
stepovers in strike-slip fault systems (McClay and Bonora, 2001). We propose two fault
structure scenarios to interpret the relationship between the AF and CGF above the
southern arm of the NMSZ seismicity. In the first scenario the two faults merge at depth
and are part of a flower structure. In this scenario the faults are both active today and
deforming. An alternative interpretation is that the two faults are distinct features and that
while they both were active during the Quaternary, only the AF is deforming today and
the CGF is quiescent/inactive.
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CHAPTER 3
Quaternary Deformation Imaged outside the New Madrid Seismic Zone (central US.)
and its Tectonic Implications

3.1 ABSTRACT
New high-resolution marine seismic reflection data acquired along the Mississippi
River in the central US. image two previously unknown faults deforming the Paleozoic,
Mesozoic and Cenozoic sediments, including the base of the Quaternary alluvium. The
faults are located outside of the currently active New Madrid Seismic Zone, between
Blytheville, AR and Osceola, AR, and show characteristics similar in character and
amount of deformation to the presently active faults. The folds associated with the two
faults are narrow structures with 50 − 60 m relief at their crest for the top of the Paleozoic,
~30 m relief for the top of Cretaceous and ~15 m relief for base of the Quaternary
alluvium. Based on the deformation observed on the seismic images and on the local
stress field derived from focal mechanisms, the faults are interpreted as conjugate Riedel
shear faults in a right-lateral simple shear deformation field. The documented
deformation of the base of the Quaternary alluvium at these locations supports the
hypothesis that long-term Quaternary fault activity extends beyond the New Madrid
Seismic Zone, and that deformation has been accommodated by faults in addition to those
illuminated by seismicity today. This corroborates the evidence of widely distributed
Holocene earthquake-induced liquefaction observed throughout the Mississippi
Embayment. This conclusion has important implications for seismic hazard assessment in
the central US., as the presence of recently active faults (albeit no presently earthquakes
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generated from their source in deeper depths), suggests that they may potentially still be
active in the low strain rate regime of this intraplate region, thereby extending the
seismogenic area beyond the region of present microseismicity.

3.2 INTRODUCTION
Large intraplate earthquakes, such as those that struck the New Madrid Seismic
Zone (NMSZ) in 1811 − 1812 (Johnston and Kanter, 1990), are rare occurrences
compared to those along plate boundaries, and are still an unsolved anomaly of the plate
tectonic theory. Our understanding of intraplate seismicity is hampered by the lack of a
model to explain the causes for these earthquakes, and also by the long return interval
resulting from the low strain rates of intraplate regions. In the central US. both the
presence of high level instrumental seismicity and the occurrence of repeated large
magnitude (M>7.0) historical and prehistorical earthquakes (Tuttle and Schweig, 1995;
Li et al., 1998) appear to conflict with the puzzling lack of widespread fault-associated
topography and the apparent low rates of surficial deformation (less than 0.2 mm/yr
relative to rigid North America, Calais et al., 2005). One of the hypotheses proposed to
explain this apparent paradox suggests that fault activity may spatially migrate
throughout a broad region at different times (Schweig and Ellis, 1994), and that the
present seismicity might not reflect the long-term behavior of the seismogenic faults in
the NMSZ (Pratt, 1994; McBride et al., 2002; Crone et al., 2003; Stein and Newman,
2004; Stein, 2007; Calais and Stein, 2009; Stein et al., 2009; Liu et al., 2011). Evidence
corroborating this hypothesis is emerging from paleoseismological and high-resolution
seismic reflection investigations (Stephenson et al., 1995; Williams et al., 1995; Odum et
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al., 1995, 1998; Tuttle et al., 2002, 2005; Hao et al., 2013). The distribution of the
observed earthquake-induced liquefaction features spreads far beyond the footprint of the
New Madrid Seismic Zone (e.g., in the Wolf river floodplain in Memphis, TN; in
Marianna, AR; in Desha county, AR; in Ashley County, AR; and in Pocahontas, AR)
(Broughton et al., 2001; Tuttle et al., 2002, 2006; Cox et al., 2007), and the timing of
dated sand blows suggests the existence of seismogenic faults in addition to the NMSZ
faults. However, the location and characteristics of these inferred seismogenic faults are
still uncertain. Hao et al., (2013) image a ~45 km-long fault (the Meeman-Shelby faultMSF) striking N25ºE, about 9 km west of Memphis, TN. The MSF shows a consistent
increase in the amount of deformation from the Quaternary to the Paleozoic units,
indicating a persistent movement through time, but also show evidence for increased
activity during the Quaternary. Source scaling relationships (Wells and Coppersmith,
1994) indicate that the MSF is capable of generating a M6.9 earthquake if it ruptures in
one event and inducing sand liquefaction like the sand dikes identified in the Wolf River
ﬂoodplain in Memphis, TN (Broughton et al., 2001; Hao et a., 2013). This poses a threat
to the metropolitan area of Memphis greater than the NMSZ itself. The MSF is an
example of a previously unknown, seismically quiescent fault located outside the NMSZ
system, exhibiting tectonic deformation during the Holocene. The growing evidence for
faults such as the MSF (e.g., the Crittenden County Fault, the Bootheel lineament
(Schweig and Marple, 1991; Schweig et al., 1992; Crone et al., 1995; Guccione and
Marple, 2002), and the Commerce Geophysical Lineament (Stephenson et al 1999; Odum
et al. 2002) strongly suggests that the pattern of long-term deformation in the central US.
is controlled not by one fault system (the NMSZ) but by several faults (or fault systems)
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that have accommodated deformation in the Quaternary. A similar behavior appears to be
emerging from earthquake studies in other stable mid-continental regions around the
world (Crone et al, 1997; Liu et al., 2011), where earthquakes appear to be episodic and
spatially migrating. The assumption of a model with multiple active fault systems has
relevant implications for seismic hazard assessments in the central US. particularly
regarding the extent of the seismogenic region, and the role of fault interaction. The
presence of potentially active faults in addition to the NMSZ implies that the seismic
source area associated with the highest probability of hazard extends beyond the system
presently illuminated by seismic activity, to regions with neither historical nor
instrumental earthquakes. Additionally, because strain presumably builds slowly in
mid-continental regions, the stress field is probably dominated by stresses in addition to
plate motion, and activity (or lack thereof) along one fault can dominate the state of stress
on neighboring faults by loading them slowly and triggering earthquakes on faults that
have been dormant for a long time.
Unraveling the mechanisms that control continental intraplate tectonics and
earthquake processes, and ultimately the hazard they pose (in the central US. and
elsewhere) involves identifying and characterizing the intricate network of faults that are
quiescent today. This task is particularly challenging in the Mississippi River valley of
the central US., as the basin is filled with gently southward dipping Cretaceous to upper
Eocene marine and deltaic sediments locally overlain by Pliocene and Quaternary ﬂuvial
deposits of the Mississippi River and its tributaries (Stearns, 1957; Murray, 1961;
Cushing et al., 1964; Autin et al., 1991; Hosman and Weiss, 1991; Cox and Van Arsdale,
2002). Faults are either lack or a morphological expression or are concealed under
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Mississippi River sediments. In addition, the age of the NMSZ fault system is still
debated (Pratt, 1994). Because the seismic activity (at least in its latest incarnation) is

Figure 14. Digital elevation map of the study area. Location of the study area is shown in the regional map
of the northern Mississippi Embayment showing the main tectonic features and the NMSZ seismicity. The
location of the Eastern and Western margin of Reelfoot Graben (ERGM and WRGM, respectively) is based
on the interpretation of potential field data (Hildenbrand and Hendricks, 1977, 1995), shallow borehole and
seismic reflection data (Zhang and Nelson, 1991; Parrish and Van Arsdale, 2004; Van Arsdale and Cupples,
2013, Pryne et al., 2013). CMTZ: Central Missouri Tectonic Zone (dash line); OFZ: Osceola Fault Zone
(dash line) (Hildenbrand and Hendricks, 1995; Csontos et al., 2008, Csontos and Van Arsdale, 2008). MSF:
Meeman-Shelby fault (Williams et al. 2001; Hao et al., 2013). Gray dots indicate seismicity (New Madrid
Seismic Zone Catalog, 1996 − 2014, M > 0.1). Stars represent the location of boreholes used for the
interpretation of seismic profiles: #1 Wilson Well 2-14 (Langston, 2003); #2 Fort Pillow test well (Moore
et al., 1969); #3 well#33N11E08DDD1 (Hartand and Clark, 2008). White triangles represent deformation
in The USGS high-resolution seismic reflection profiles (Hamilton and Zoback, 1982) and Dow seismic
line (Parrish and Van Arsdale, 2004). Two thin black lines across the white triangles are our proposed
faults (F1 and F4) in this study.
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geologically recent (Tuttle and Schweig, 1995) the NMSZ may still be a young feature,
but not a tectonically mature system (Schweig and Ellis, 1994) and the distribution of
faults may not be easily predictable.
In this chapter we present two new marine seismic reflection lines, acquired between
Caruthersville, MO and Osceola, AR along the Mississippi River as part of the
Mississippi River Project (Magnani and McIntosh, 2009; Hao et al., 2013; Guo et al.,
2014) that surveyed the river for ~950 km from Cape Girardeau, MO to Lake Providence,
LA (Figure 14). The seismic data show detailed shallow (< 1km depth) structure
associated with two faults that exhibit Quaternary deformation ~22 km south of the
Reelfoot Thrust in the NMSZ.

3.3 SEISMIC REFLECTION DATA ACQUISITION AND PROCESSING
The seismic data comprises ~ 63 km of high-resolution marine seismic reflection
multichannel data acquired using a new technique that takes advantage of the Mississippi
River to image the shallow sedimentary sequences (Eocene − Quaternary) while ensuring
proper illumination of the Paleozoic basement. The new acquisition technique, the
parameters and the seismic survey are described in detail in Magnani and McIntosh
(2009), Hao et al. (2013), Guo et al. (2014) and chapter 2 of this dissertation.
Data processing mainly focused on noise attenuation using time-variant frequency
filtering and amplitude spike attenuation, which suppresses the energy generated by
features built along the riverbanks and at the bottom of the river channel to control bank
erosion (i.e., revetments, dikes), characterized by high frequency, large amplitude
time-limited noise. Reverberation energy attenuation was achieved through surface
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consistent wave equation prediction algorithms (i.e. SMEP) and pre-stack prediction
deconvolution in the pre-stack domain (see also Hao et al., 2013 and Guo et al, 2014 for
more details). In post-stack processing, an F-X prediction error filter was applied to
enhance the coherency of reflectors. Data were then time migrated and converted to depth
using a Kirchhoff migration with a smoothed velocity field derived from the Dow
Chemical Wilson 2-14 well sonic log (Langston, 2003).

3.4 SEISMIC DATA INTERPRETATION
Seismic interpretation was carried out by correlating the major reflectors identified
on the seismic profiles with the tops selected from interpreted well logs near the profiles
(i.e. Dow Chemical Wilson 2-14 well (Langston, 2003), Fort Pillow test well (Moore et
al., 1969), and well #33N11E08DDD1 (Hartand Clark, 2008)) (see Figure 14 for
location). With the exception of the Dow Chemical Wilson 2-14 well, which reached a
depth of 900 m, sampling the entire unconsolidated sedimentary section down to the
crystalline basement, all remaining boreholes in the area bottom within the Tertiary
sequences, providing control only for the shallow section. The interpretation of the
deeper structures was therefore performed using a general stratigraphic column derived
from regional studies (Fisk, 1944; Luzietti et al., 1992; Saucier, 1994; Parrish and Van
Arsdale, 2004). Integration of the stratigraphic information available in the area and
seismic reflectivity observed in the data resulted in the selection of four main
stratigraphic markers that were used for the interpretation of the seismic profiles
presented in this study (Figure 15).
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Figure 15. (A) Regional stratigraphy of the unconsolidated sediments in the northern ME with formation names, and (B) the corresponding annotated
major reflectors in the time-migrated seismic reflection profile. Q/Eo: Quaternary and upper Eocene unconformity; Eof: top of Flour Island Formation
(Wilcox Group); Kr: top of upper Cretaceous units; Pz: top of Paleozoic units), (C) the Dow Chemical Wilson 2-14 well sonic and density log
(Langston, 2003), and (D) spontaneous potential (SP) and resistivity (RE) log from well #2: Fort Pillow test well (Moore et al., 1969), and spontaneous
potential (SP) and resistivity (RE) log from well #3: well#33N11E08DDD1 (Hartand Clark, 2008). The stratigraphy column was derived from studies
in this region (Saucier, 1994; Luzietti, et al., 1992; Parrish and Van Arsdale, 2004).
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3.4.1 Line 136
The 29.4 km-long seismic reflection Line 136 runs along a narrow meander of the
Mississippi River about 23 km east of Blytheville, AR (Figure 14). Interpretation of this
line relies on the projection of continuous stratigraphic tops along the river from
Caruthersville, MO, where the interpretation is constrained by borehole data (Guo et al.,
2014). The data along Line 136 (Figure 16) show good S/N ratio, and all the regional
seismic markers, from the top of the Paleozoic sequences at ~890 m depth through the
top of the Cretaceous at ~670 m depth, the top of the Paleocene Flour Island Fm at ~340
m depth, to the base of the Quaternary alluvium at ~50 m depth, can be traced across the
profile. The seismic profile provides an exceptionally good image of the Quaternary
alluvium and of the unconformity at its base, marked in this area by a bright, continuous
reflector visible across the whole profile. The alluvium appears to be mildly deformed,
notably at a narrow asymmetrical anticline at ~CMP 5000 that folds the Quaternary
alluvium by 17 m at the crest of the anticline and all underlying sequences down to the
top of the Paleozoic, and that is likely associated with a fault in the Paleozoic rocks (F1).
The amount of deformation observed along this structure increases with the age of the
involved units (Table 8), suggesting a continued activity of the fault through time. Two
additional faults (F2 at CMP 7400 and F3 at CMP 10100) are observed extending upward
from the top of the Paleozoic sediments through the Tertiary deposits and causing
deformation of the base of Quaternary unconformity reflector.
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Figure 16. Time migrated Line 136 (top: uninterpreted profile; bottom: annotated profile). Location of line
136 is in Figure 14. Label as in Figure 15. Approximate vertical exaggeration is 8:1. (a) Close-up of
shallow section along Line 136 showing the details of the top of the Paleocene Wilcox group and the Q/Eo
unconformity near fault F1 (left: uninterpreted profile; right: annotated profile).
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Table 8. Vertical offset of fault F1 and F4 on regional stratigraphic reflectors.

Stratigraphic
Reflector
Q/Eo
Eof
Kr
Pz

Vertical
Offset (m)
F1
F4
17
15
35
35
40
44
57
58

3.4.2 Line 138
The 33.6 km-long seismic reflection Line 138 (Figure 17) starts 26 km northeast of
Osceola, AR and images clear continuous and prominent reflectors throughout the profile.
Shallow (0 − 450 m depth) reflectors are interpreted based on the lateral correlation with
the spontaneous potential (SP) and resistivity well log data from the nearby borehole
#33N11E08DDD1. Interpretation of deeper (>450 m depth) reflectors relies on the
projection of stratigraphic tops from the Fort Pillow test well 12 km to the southeast and
from the deeper Dow Chemical Wilson 2-14 well ~20 km to the southwest (Figure 14).
Similar to Line 136, the tops of the major units are traceable along Line 138, with the top
of the Paleozoic rocks at ~900 m depth, the top of the upper Cretaceous sediments at
~680 m depth, and the top of the Paleocene Flour Island formation at ~350 m depth. The
base of the Quaternary alluvium is intermittently traceable as a horizontal reflector at ~50
m depth lying unconformably over the Eocene deposits. A pronounced deformation zone
is visible at about CMP 9400, where a fault (F4) folds the sedimentary section and a
group of small-scale faults accommodate the deformation in the narrow anticline folding
the Paleozoic and Cretaceous units. The F4 fault vertically offsets the Pz and Kr reflector
by ~58 m and ~44 m respectively. Upward, the fault folds the Paleocene and Eocene
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Figure 17. Time migrated Line 138 (top: uninterpreted profile; bottom: annotated profile). Location of line
138 is in Figure 14. Label as in Figure 15. Approximate vertical exaggeration is 8:1. (a) Close-up of
shallow section along Line 138 showing the details of the top of the Paleocene Wilcox group and the Q/Eo
unconformity near fault F4 (left: uninterpreted profile; right: annotated profile).

sediments, creating a vertical relief of ~35 m at the base of the Eocene and a similar relief
at the top of Memphis Sand (Figure 17a). At shallow depth the Quaternary alluvium
appears to have been deformed consistently with the older units and it is folded ~15 m
(Table 8). Near CMP 5600 the Cretaceous and upper Paleozoic units are mildly deformed
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by another near-vertical fault (F5), which is associated with deformation of the Paleocene
and lower Eocene sedimentary layers. The base of the Quaternary alluvium, imaged as
weak reflectors at this location at about 50 m depth, is not involved in the deformation.

3.5 DISCUSSION
3.5.1 Fault interpretation
The newly acquired seismic reflection data along the portion of the Mississippi river
between the southern arm of the NMSZ seismicity at Caruthersville and the Eastern
Margin of the Reelfoot Graben (Figure 14) show the presence of two major faults (F1 and
F4) displacing the Paleozoic rocks and deforming the overlying Cretaceous and Tertiary
sediments. At both locations the deformation propagates upwards through the section
consistently deforming the Quaternary alluvium with the sense of motion of the
underlying structure (Figure 16 and Figure 17).
A careful examination of the seismic data reveals that the faults do not appear to
cross the river at multiple locations, which, in the case of F1, restricts the strike of the
fault to a limited range of strikes (in general NW-SE orientation), owing to the sinuosity
of the river. The interpretation of the faults along strike is also constrained by existing
deeper penetration seismic reflection data in the area (Figure 14) (Hamilton and Zoback,
1982; Parrish and Van Arsdale, 2004). The USGS high-resolution seismic reflection
profiles S8 and S9 were acquired along the banks of the Mississippi river (Figure 14)
around Line 136, and image the top of the Cretaceous and Paleozoic sequences as well as
the crystalline basement with remarkable clarity and continuity. Of the two profiles, S8
confirms the general undeformed trend of the unconsolidated sedimentary sequences
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north of Line 136, indicating that F1 likely does not continue to the north crossing this
profile. Seismic line S9 extends from the west to the inner bank of the river meander
where F1 is imaged by Line 136, and it shows deformation of the top of Cretaceous and
Paleozoic reflectors that matches the structure associated with F1 on Line 136, suggesting
that F1 trends ~N50°W. To the east, a northeast-southwest oriented industry seismic line
(Dow Line 8 in Figure 14) was acquired along the Mississippi River bluff and across the
inferred location of the ERGM. On the Dow Line 8 the top of Cretaceous and Paleozoic
reflectors are deformed with an up-to-the-north sense of deformation at ~ vibration point
(VP) 340 (Van Arsdale, personal communication), at the location where the interpreted
F1 back projects onto Dow line 8. A structure contour map of the base of the Pliocene
Upland Complex derived from well logs (Van Arsdale and Cupples, 2013) reveals a
marked high in elevation east of the Holocene floodplain near the location of fault F1,
suggesting that the antiform observed along Line 136 and Line S9 extends to the east
following approximately the ~N50°W strike, and that it may be part of a broader feature,
as identified by borehole data.
To the south, two northeast-southwest oriented industry seismic lines (Dow Lines
3EB and 1E in Figure 14) were acquired southeast of the Mississippi River and of Line
138 (Parrish and Van Arsdale, 2004). Similar to the USGS profiles to the north, the two
industry profiles image the Cretaceous, Paleozoic and crystalline basement of the
Mississippi valley, and constrain the interpretation on land of faults identified along the
river seismic profile. The Dow Line 3EB images a fault offsetting the top of the
Paleozoic and Cretaceous sediments with a down-to-the-southwest sense of motion at
about ~VP 200 (Van Arsdale, personal communication), coincident with the location and
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movement of F4 along Line 138. Further to the south, the Dow Line 1E shows
deformation of the Cretaceous and Paleozoic sequences at two locations, ~VP 180 and ~
VP 500 (Figure 14). Both zones of deformation have been interpreted as localized
positive flower structures by Parrish and Van Arsdale, (2004). The westernmost of the
two zones is associated with a possible Cenozoic reactivation/inversion into the
strike-slip motion for the eastern margin of the Reelfoot Graben, inferred to cross the area
at this location. Fault F4 is interpreted to trend in a northwest direction (with an
approximate strike of N70°W) and coincides with the easternmost flower structure in the
Dow line 1E.

It follows the trend of the base of the Pliocene Upland Complex east of

the Holocene floodplain near the location of fault F4 as revealed by shallow borehole
data (Van Arsdale and Cupples, 2013) .

3.5.2 Fault relation to the known/inferred structures in the previous studies
Two primary basement features, the central Missouri tectonic zone (CMTZ) and the
Osceola fault zone (OFZ), are defined by a band of gravity and magnetic anomalies, are
located in the vicinity of faults F1 and F4 and strike in a general NW-SE direction
(Hildenbrand and Hendricks, 1995; Csontos et al., 2008, Csontos and Van Arsdale, 2008).
Base on the spatial correlation, fault F1 obliquely crosses the CMTZ and fault F4 matches
the local trend of the OFZ very well (Figure 14), indicating fault F4 may be the shallow
expression of the OFZ. The CMTZ is the approximate southwestern boundary of the
Missouri gravity low (MGL), which is interpreted as the Missouri batholith (Kisvarsanyi,
1984; Hildenbrand and Hendricks, 1995). The OFZ is interpreted as the northern
boundary of an intrarift uplifted block described by Stark (1997) in the central area of the
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Reelfoot rift (Csontos et al., 2008; Csontos and Van Arsdale, 2008). Stark (1997)
suggests that the CMTZ and the OFZ, as well as other southeast-trending regional
basement features in the Mississippi Embayment (i.e. Reelfoot thrust, Bolivar-Mansfield
tectonic zone, and White River fault zone) are probably the legacy of the Late Proterozoic
Grenville orogeny, and may have been reactivated during the Phanerozoic. The
Quaternary deformation associated with faults F1 and F4 observed in Lines 136 and 138
is consistent with the fault reactivation.
Alternatively, Parks and Carmichael (1990), Cox et al. (2001) and Van Arsdale and
Cupples (2013) proposed the existence of east-west trending normal faults in the northern
Mississippi Embayment. In particular, Van Arsdale and Cupples (2013) infer the location
of two normal faults across the Mississippi River near the locations of F1 and F4 based
on the correlation of elevations of the Pliocene Upland Complex between two
northeast-southwest profiles located east of the bluff line, in western Kentucky and
Tennessee, and along Crowley’s Ridge in Arkansas. However, the trend and the character
(i.e. sense of motion and deformation) of F1 and F4 as defined by existing land and
marine seismic data does not support the interpretation of these faults as east-west normal
faults.

3.5.3 Tectonic interpretation
From late Tertiary, the regional compressive stress rotated from N20°E to the
current orientation of approximately N80°E azimuth (Zoback and Zoback, 1980; Schweig
and Ellis, 1994). During the Pliocene and Quaternary, right-lateral shear is the principal
faulting mechanism in the Reelfoot Rift (Csontos et al., 2008; Tavakoli et al., 2010; Pratt,
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2012; Pratt et al., 2012). Under the current regional stress field, a strain ellipse with a
N10°W long axis can be used to illustrate the Quaternary deformation based on Riedel
shear theory (Riedel, 1929) (Figure 18a). In this system thrust faults form parallel to the
ellipse’s major axis, while normal faults and tension fractures are parallel to the ellipse’s
minor axis. Synthetic and antithetic Riedel shears form oblique to the main fault (Figure
18a). The orientation of all these structures will also depend on the intensity of
transpression or transtension.

Figure 18. (a) Strain ellipse illustrates the faulting pattern in the vicinity of the NMSZ that forms in
right-lateral Riedel shear. The regional compressional stress is oriented approximately N80ºE (Zoback and
Zoback, 1980; Grana and Richardson, 1996), the strike-slip fault orientation is about N45ºE (Csontos and
Van Arsdale, 2008), the ideal conjugate Riedel shear R’ about N70ºW. (b) The main faults in the vicinity of
the NMSZ (heavy black lines) overlaying on the seismicity (dots) (New Madrid Seismic Zone Catalog,
1996 − 2014, M > 0.1). RT: the Reelfoot thrust; AF: the Axial fault; NMNF: the New Madrid north fault;
NMWF: the New Madrid west fault; CMTZ: Central Missouri Tectonic Zone (dash line); OFZ: Osceola
Fault Zone (dash line). Two thin black lines are our proposed faults (F1 and F4) in this study. The arrowed
gray lines represent the generalized directions of the fractures associate with the Riedel shear pattern.
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This model of regional shear is supported by the NMSZ faults and the faults
showing Quaternary deformation in the region. The orientation of the Axial Fault (AF)
and the New Madrid North Fault (NMNF) match the Riedel shear and the strike-slip fault
pattern respectively. The orientation of the Reelfoot Thrust (RT), as identified at depth by
the seismicity and matches the thrust fault predicted by the shear system. The orientation
of the New Madrid West Fault (NMWF) is consistent with the conjugate Riedel shear
fault. Our interpretation of F4 is consistent with this trend of the shear system, and we
suggest that F4 represents the conjugate Riedel shear fault, possibly controlled at depth
by the northwest-trending OFZ basement fault, and reactivated under the present
east-northeast compressional stress field. Strike-slip motion along F4 is corroborated by
the presence of flower structures along Dow Line 1E as interpreted by Parrish and Van
Arsdale, (2004). Unlike F4, fault F1 crosses the orientation of the conjugate Riedel shear
at an oblique angle of 15°, indicating that fault F1 may accommodate a larger component
of compression than the conjugate Riedel shear. This interpretation is consistent with the
structures observed in the seismic data such as the marked fold in the sediments from
Paleozoic to Quaternary time at F1. This is indicative of compressional deformation in
addition to strike-slip motion, as suggested by the narrow zone (~1 km) of deformation at
the fault.

3.5.4 Deformation history and hazard implications
Deformation of the Quaternary alluvium observed along the seismic profiles at F1
and F4 is important evidence of recent fault activity, and the increasing amount of
displacement from the Quaternary alluvium down to the top of the Paleozoic sedimentary
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rocks suggests a prolonged deformation history of fault F1 and F4 throughout the
Cretaceous, Tertiary and Quaternary (Table 8). Information about a more recent
deformation history of the faults crossing the Mississippi river can be inferred from
changes in the channel morphology, as the river responds to both hydrologic and geologic
controls. A comprehensive analysis of the geomorphology of the Mississippi River
channel changes between 1765 and 1915 (Boyd and Schumm, 1995) shows that the
section of the river along Line 136 is characterized by a steep slope and a highly variable
sinuosity (i.e. the ratio of channel length to valley length). Because of these
characteristics, Heyl and Mckeown (1978) proposed the presence of a fault, trending
NW-SE and crossing the river at about the location where Line 136 images F1.
Movement along this fault may be responsible for the steepness and the sinuosity of the
river along Line 136 and for the flatness of the portion of the channel downriver from it
(Boyd and Schumm, 1995).
In this study we use the same method employed by Van Arsdale (2000) to determine
the uplift rate of each stratigraphic section over the corresponding time period. We use
the same time intervals as Van Arsdale (2000) with the exception of the age of the base of
the Quaternary alluvium, which is conservatively estimated to be no older than 85 ka,
based on the age of the oldest Paragould terrace (85 ka) of the Mississippi River sediment
(Rittenour et al., 2007). This terrace outcrops along the western side of the Eastern
Lowlands and probably floors the Quaternary alluvium, although its extension to the east
under the Holocene meander belt is unconstrained. Under the above assumptions, the
uplift rates of fault F1 for the Late Cretaceous, the Paleocene, the Eocene, and the
Quaternary are 0.0011, 0.0003, 0.0004 and 0.2 mm/yr, respectively; the uplift rates of
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fault F4 for the Late Cretaceous, the Paleocene, the Eocene, and the Quaternary are
0.0009, 0.0005, 0.0004 and 0.176 mm/yr, respectively (see Table 9 for a summary). In
both cases the uplift rates suggest a remarkable surge in fault activity in the Quaternary.

Table 9. Estimate of deformation and uplift rate of the fault F1 and F4.

Section

Cumulative
Deformation (m)
F1

Quaternary
Eocene
Paleocene
Cretaceous
Paleozoic

17
35
40
57

F4
15
35
44
58

Vertical
Deformation (m)
F1
17
18
5
17

F4
15
20
9
14

Time
Span
(Myr)
0.085
45
20
15

Uplift Rate
(mm/yr)
F1
0.2
0.0004
0.0003
0.0011

F4
0.176
0.0004
0.0005
0.0009

A similar amount of Quaternary (Holocene) vertical deformation is observed along
the presently active New Madrid fault system (16 m on Reelfoot Thrust − Van Arsdale,
2000; 17.5 m on the Axial fault − Guo et al., 2014). Differences in Quaternary slip rates
between the New Madrid faults and faults outside the seismically active region are due to
different ages assumed for the base of the Quaternary alluvium, which remains
unconstrained. If the age of the Quaternary sediment flooring the river plain across the
meander belt is assumed to be consistently Holocene, then there are only very minor
differences in the slip rate between the New Madrid faults and the fault outside the region
of current seismicity. This suggest not only that the New Madrid faults are not the only
ones that accommodated deformation during the Holocene, but also that the additional
faults that were active during the Holocene experienced a similar rate of deformation as
the NMSZ fault system.
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Figure 19. Representations of fault sources near the New Madrid Seismic Zone. (A) USGS representation
from the 2008 update (dashed lines) and 2014 update (solid lines) and (B) CEUS–SSCn (2012) project
representation. (Petersen et al., 2014). CEUS–SSCn: Central and Eastern United States Seismic Source
Characterization for nuclear facilities.

The seismic hazard as currently assessed in the central US. is centered on the region
of seismicity associated with the NMSZ. The hazard assessment is mainly based on 1)
present seismicity and recurrence intervals, as derived from paleoseismological studies,
and 2) source geometry, as inferred from the present seismicity, paleoliquefaction
distribution, historical felt reports and, in the case of the Reelfoot Thrust, the surface
expression of the fault rupture. The distribution of potential sources as shown in Figure
19 is the combination of a ~60 km-wide zone centered on the region of ongoing
seismicity that tapers off to a background level of seismicity and an integrated system of
individual sources (New Madrid North Fault, New Madrid South Fault, Reelfoot Thrust,
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Commerce fault zone, Eastern rift margin, Wabash Valley, and Marianna, AR.) (Petersen
et al., 2008, 2014).
The faults imaged by the Mississippi River project Lines 136 and 138 (F1 and F4)
fall within the region of seismic sources used for seismic hazard calculations, and
therefore their presence does not dramatically alter the hazard assessment, except for
altering the potential source and weight distribution within the source region.
More generally, studies of potentially seismogenic structures outside the NMSZ (e.g.,
ERGM, OFZ and MSF) reveal that, except for the occurrence of present seismicity, these
structures are comparable to the presently active NMSZ faults (e.g., AF and RT) in terms
of amount and character of deformation observed along the faults as well as of lengths of
the faults involved. This mounting evidence strongly corroborates the hypothesis that the
NMSZ is only the latest incarnation of seismicity in the central US.

3.6 CONCLUSIONS
A series of new high-resolution marine seismic reflection profiles acquired in the
central US. between Blytheville, AR and Osceola, AR in the summers of 2008 and 2011
as part of the Mississippi River project images two faults outside the region of New
Madrid seismicity deforming the valley sediments from the top of Paleozoic rocks to the
Quaternary river alluvium. Analysis of the long-term deformation of the two imaged
faults F1 and F4 indicates an increase in fault activity during the Quaternary with uplift
rates of 0.2 and 0.176 mm/yr, respectively. River channel morphology has changed over
the 150 yrs of observation period (Boyd and Schumm, 1995) suggesting that the river
may have responded to tectonic movement along F1. The seismic hazard implications of
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recent movement of F1 are explored in Magnani et al., (in prep). Both faults are
associated with a narrow anticline and show an up-to-the-north sense of displacement.
Based on nearby deeper penetration seismic reflection data (Hamilton and Zoback, 1982;
Parrish and Van Arsdale, 2004) and on borehole data constraining the base of Upland
Complex and the Quaternary Mississippi River alluvium in the region (Van Arsdale and
Cupples, 2013), we interpret F1 and F4 as striking ~N50°W and ~N70°W respectively.
This orientation is compatible with the interpretation of the faults as conjugate Riedel
faults in a right-lateral simple shear stress system as proposed for the Reelfoot graben
system and the New Madrid Seismic Zone (Pratt, 2012; Pratt et al., 2012), and confirmed
by focal mechanisms (Horton et al., 2014). The structures identified along the newly
acquired and existing seismic profiles in the area indicate a component of compression
along these faults.
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CHAPTER 4
DISCUSSION AND CONCLUSIONS

New Mississippi River Project high-resolution seismic reflection data has been
acquired along the Mississippi river for ~430 km crossing over the NMSZ fault system
and across a large portion of the northern Mississippi Embayment (Magnani and
McIntosh, 2009). These data, integrated with existing seismic reflection data on land
provides an unprecedented opportunity to constrain the spatial distribution and character
of the subsurface deformation of both the currently active and quiescent faults in the
Mississippi Valley, and to investigate the long-term pattern of deformation in the central
US. One of the main conclusions of this study is that the distribution of Quaternary
deformation as imaged by seismic reflection data extends beyond the footprint of the
currently active New Madrid fault system, and that the NMSZ faults are virtually
undistinguishable from quiescent faults, except for the instrumental seismicity which has
been illuminating the NMSZ for the past four decades. All faults imaged outside the
NMSZ show no instrumental seismicity (e.g., MSF, F1 and perhaps the CGF).
A careful analysis of the characteristics of the faults discovered by the Mississippi
River project and by other existing seismic surveys, and explored in this study reveals
that these faults share similarities with respect to fault length, recent deformation (i.e.
displacement of the Quaternary alluvium), amount of deformation, and deformation
history. The characteristics of the Reelfoot Thrust (RT), the Axial Fault (AF) and the
Cottonwood Grove Fault (CGF) (part of the NMSZ) are compared to those of the
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Meeman-Shelby Fault (MSF) and the F1 fault (outside the NMSZ) and summarized in
Table 10.

Table 10. Summary of the similarities of faults characteristics inside and outside the NMSZ. Eof: top of
Flour Island Formation (Wilcox Group); Kr: top of upper Cretaceous units; Pz: top of Paleozoic units.

Relation
to the
NMSZ

Inside

Outside

Fault
name

Fault
length
(km)

Displacement
of Quaternary
alluvium (m)

RT

55

AF

Accumulated
vertical offset (m)

Uplift rate (mm/yr)

Pz

Kr

Eof

Late
Cretaceous

Tertiary

Quaternary

17.5

50

39.5

27.5

0.0007

0.0003

0.206

46

25

58

40

26

0.0012

0.0002

0.294

CGF

22

20

59

39

25

0.0013

0.0003

0.235

MSF

45

28

77

44

25

0.0022

0.0002

0.329

F1

29

17

57

40

35

0.0011

0.0003

0.200

The fault lengths as illuminated by the seismicity or as inferred by the seismic
reflection data vary between 22 km (CGF) and 55 km (RT), with quiescent faults
showing comparable lengths (and therefore similar seismic potential) to those active
today. A remarkable observation emerging from the results of this study is that all of the
faults (active and inactive) fall within the Reelfoot Rift and in few cases are associated
with rift basement structures (e.g., ERGM) (Csontos and Van Arsdale, 2008). At faults
where Quaternary deformation is observed the data show increasingly vertical offset with
time, suggesting prolonged tectonic activity at these locations since the Cretaceous.
Perhaps an even more remarkable observation is the lack of distributed deformation by
fault along the ~430 km-long continuous seismic profiles. This suggests that while the
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focus of deformation may migrate spatially and temporally across a wide region,
deformation is accommodated by the same structures over long periods of geologic time.
The similarity of characteristics of presently active and quiescent faults in the
northern Embayment suggests that the NMSZ is likely the latest manifestation of
seismicity in the embayment, and that the presently active fault system is not unique,
except for being the system that presently accommodates deformation. One of the
implications of this observation is that different faults or fault systems may become active
and turn off over time and that seismicity may spatially shift throughout a broad region
(Pratt, 1994; Langenheim and Hildenbrand, 1997; Coppersmith, 1988; Harrison and
Schultz, 2002; Stein and Newman, 2004). Indeed, evidence is emerging that Holocene
seismic activity in the Mississippi Embayment extends beyond the area illuminated by
the present seismicity, as different portions of the Mississippi Embayment appears to
have experienced large earthquakes (Cox et al., 2001; Al-Shukri et al., 2005; Tuttle et al.,
2006).
This variable fault behavior is not uncommon in midcontinental regions, where
faults that are inactive today appear to have been repeatedly active in the last 10,000 −
20,000 yrs (e.g., Meers Fault). Liu et al., (2011) propose that this complex behavior may
be the result of the combined effect of the slow tectonic loading rates typical of intraplate
regions, and the interaction of faults or fault systems spread over a large area. Liu et al.,
(2011) suggest that in these conditions tectonic loading is shared by the widespread
system of interacting faults rather than along the plate boundary, and a large earthquake
on one fault might change the loading rate on other segments of that fault or adjacent
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faults in the same or nearby system, causing earthquakes to happen episodically and
spatially migrating (Figure 20).

Figure 20. Schematic illustration of earthquakes at plate boundary and earthquakes in continental intraplate
regions (after McKenna et al., 2007 and Liu et al., 2011). Top: A constant tectonic loading by plate motion
makes the interplate earthquakes quasi-periodic along the plate boundary. Bottom: in the intraplate region,
a complex system of interacting faults shares the tectonic loading by plate motion and stress generated
inside the continental area by other mechanisms and may cause the earthquakes to shift between different
faults or fault system.

Increasing observations reveal that faults in the northern Mississippi Embayment
turn on and turn off in their geological history. Holbrook et al. (2006) reconstructed the
geometry of Holocene Mississippi River channels from maps of floodplain strata and
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found evidence for earlier clusters of New Madrid earthquakes. Their study suggests that
clusters of earthquakes may occur a few thousand years apart and last for a few thousand
years.
Paleoseismological investigations (Tuttle et al., 2002, 2005) in the Mississippi
Embayment provide additional evidence that the seismicity during the Quaternary
probably migrated through faults in the northern Mississippi Embayment. Study of
earthquake-induced soil liquefaction fields near Pocahontas, AR, Marianna, AR, Ashley
County, AR, and Desha County, AR suggests that large earthquake events during the
Quaternary ruptured faults in and near the Reelfoot Rift that are different from the present
NMSZ. Evidence is based on radiocarbon age differences and on their great distance
from the New Madrid faults (Tuttle et al., 2002, 2006, Cox et al., 2004).
In the stable interior of the North America plate, other mid-continent faults show
evidence for activity in the recent past, despite being quiescent today. Like the NMSZ,
some faults appear to have been the location of earthquakes as large as the 1811 − 1812
New Madrid events. The Meers Fault in Oklahoma is a good example. It is a profound
structural dislocation forming the frontal fault zone between the Wichita Uplift to the
south and the Anadarko Basin to the north. The N60°W oriented Meers Fault shows up as
a 26 km-long continuous topographic scarp with a maximum of 5 m vertical displacement
near the center of the scarp (Ramelli and Slemmons, 1986; Ramelli et al., 1987). No
seismic activity is observed along the Meers Fault at present (Crone and Luza, 1990).
However, the results of paleoseismic studies show that two surface-rupturing events of
~M7.0 occurred on the currently aseismic fault about 1100 − 1200 yrs ago (Madole 1988;
Crone and Luza, 1990; Kelson and Swan, 1990; Crone et al., 2003) and 2900 − 3400 yrs
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ago (Kelson and Swan, 1990). These events were preceded by at least 100,000 years of
quiescence, implying that the short time period that has elapsed since the last large
earthquake is not typical of the long-term behavior of the fault, and the seismogenic fault
might be capable of generating large earthquakes in the future (Crone and Luza, 1990).
Similar patterns are also found in other intraplate areas. Five remarkable earthquakes
(Ms 5.7 − 6.8) occurred between 1968 and 1988 in central and western Australia on two
faults located in regions distant from plate boundaries and where little or no previous
historical seismicity had been observed (Crone et al., 2003). Paleoseismic studies of the
two historically aseismic faults document the recurrence of multiple Quaternary
surface-rupturing events – the most recent about 30 kyr ago and the preceding event
about 20 − 70 kyr earlier (Crone et al., 2003). Similar to the NMSZ, a subtle geomorphic
expression (~ 2 − 3 m scarps) in the low-relief landscapes is also found at both faults.
The historic earthquake record in northern China extends over more than 2000 years
(Ming et al., 1995) making it the best example for illustrating the earthquake occurrence
between faults in an intraplate area. Similar to the central US, the complex system of
basement faults in the North China Plain is covered by thick Quaternary sediments, and
tectonic activity has been rejuvenated since the Mesozoic (Liu et al., 2004; Liu and Yang,
2005). The 2000-year seismic record of the North China Plain documents that no two
events of magnitude greater than M7.0 rupture the same fault segment, indicating large
intraplate earthquakes occur on different faults or fault systems in a wide area (Figure
21).
Although forces acting within continents arise from different mechanisms, the
comparison of large earthquakes in intraplate areas worldwide suggests that fault systems
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Figure 21. Earthquake history of the North China Plain. Open circles are the location of events from 780 B.C. to 1303 A.D. Red
dots are epicenters of instrumental earthquakes; blue dots are the locations of historical events. Bars show the rupture lengths for
selected large events (Liu et al., 2011).
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may behave in a similar pattern. One fundamental difference between the North China
craton and the central US. region is the scale at which the process of earthquake
migration and fault interaction appears to be occurring. In the case of the North China
craton the 2000-year historical record shows that large (M > 7) earthquakes move across
structures ~1000 km apart, while in the case of the central US., the zones of deformation
appear to be within distances ranging between 50 − 150 km.
The distribution of Quaternary deformation, as defined by emerging results of newly
acquired seismic data (McBride et al 2003; Odum et al., 2010; Hao et al., 2013), by this
study and by geologic evidence (Cox et al., 2007; 2010), has important implications for
geodynamic models suitable to explain the intraplate seismicity in the central US. Most
working models proposed to explain the mechanisms driving the long-term deformation
invoke the presence of a lithospheric anomaly, either at lower crustal or upper mantle
depths beneath the NMSZ (e.g., the “rift pillow” imaged by refraction studies of Mooney
et al., 1983) or a low density anomalous lower crust/upper mantle (Liu and Zoback, 1997;
Kenner and Segall, 2000) to act as a local stress concentrator. In general, the distribution
of Quaternary deformation outside the NMSZ region and beyond the footprint of the “rift
pillow” contradicts those models that involve a localization of strain within the NMSZ, as
these models do not predict additional fault zones in the region. On the other hand, the
emerging results appear to support alternative models that involve a broad zone of
intraplate deformation, as they predict the presence of central US. fault systems in
addition to the NMSZ (e.g., Forte et al., 2007).
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